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ABSTRACT 
MICHAEL R. NORRIS: Making Molecules for Light-Driven Water Splitting 
(Under the direction of Professors Thomas J. Meyer and Joseph L. Templeton) 
 
To meet growing global energy demand, methods to transform solar energy into chemical 
fuels are necessary.  Photosynthesis provides a blueprint: using electrons from the photo-driven 
oxidation of water to generate reductive equivalents, which ultimately convert CO2 to 
carbohydrates.  Key to any artificial photosynthetic device that attempts to mimic this process is 
the light-driven water oxidation reaction, 2H2O + 4hν  O2 + 4e-.  Incorporation of a 
chromophoric material for absorption of light and a catalyst for water oxidation are therefore 
required.   
Several monomeric, single-site Ru polypryidyl catalysts have been investigated for this 
transformation.  Electrochemical or CeIV oxidation results in homogeneous catalytic water 
oxidation.  Catalytic rates and onset potentials were found to be highly tunable based on the 
ligand environment.  Water oxidation catalysts built with first-row transition metals were also 
investigated.  Electrochemical studies of these complexes indicated complexes of Fe and Cu were 
catalysts for water oxidation at elevated pH. 
In addition to water oxidation catalysts, chromophore/redox mediator (CRM) complexes are 
necessary for light-driven water oxidation.  A series of nine Ru polypyridyl complexes as well as 
four organic derivatives of perylene diimide (PDI) were synthesized, and their electrochemical 
and photophysical properties were investigated for possible use in an artificial photosynthetic 
device.  Control of conjugation and heteroatoms in the polypyridyl ligands led to highly tunable 
redox potentials, UV/vis absorptions, and emission energies for the Ru complexes, while the PDI 
derivatives were found to undergo rapid charge separation upon excitation. 
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For artificial photosynthetic devices to operate in aqueous media, it is necessary to form stable 
anchors to metal oxide surfaces.  New synthetic procedures for making phosphonic acid-
derivatized bipyridine ligands and their Ru polypyridyl complexes were devised, and these routes 
allow easy access to important ligands and to complexes that can bind to metal oxide surfaces. 
Finally, CRM complexes and catalysts were combined in a molecular Ru-choromphore-Ru-
catalyst assembly.  Solution studies led to the discovery of a redox mediator effect in water 
oxidation driven by CeIV.  Detailed electrochemical and photophysical studies of the assembly 
anchored to metal oxide surfaces were performed, and the assembly was shown to be the first 
molecular chromophore-catalyst assembly capable of light-driven water oxidation. 
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CHAPTER 1 
 
Using the Sun to Power the Planet 
 
 
Given the current state of global energy demand and the search for alternatives to fossil fuels, 
harnessing solar energy has become one of the current great challenges of science.1-3 The need for 
alternative energy is evident, with unprecedented CO2 emissions, growing population, and the 
depletion of fossil fuel resources.  To power the future, an energy source must be abundant, 
inexpensive, and environmentally benign to be a viable option.  Solar energy is an ideal candidate 
as it is an inexhaustible power source that provides 120,000 TW worldwide, enough to easily 
supply the current global energy demand of 17 TW (1 TW = 1012 J/s).4  A straightforward 
approach to tapping this resource is to convert solar energy directly into electricity. 
This approach has given rise to intense investigation into photovoltaic (PV) cells and dye-
sensitized solar cells (DSSCs) or Grätzel cells.  In the most basic sense, these devices capture 
solar energy and use the absorbed photons to generate electron-hole pairs, which are directionally 
separated in order to generate current.  Efficient devices must make use of a broad range of 
wavelengths of light with high quantum yield.  To do this, DSSCs employ a large band-gap 
semiconductor material (typically TiO2, although ZnO,5-7 Nb2O5,8-10 and SrTiO3,11-13 among 
others14,15 have been studied) that is “sensitized” with a dye molecule to increase the amount of 
light that is absorbed.   
The sequence of events leading to charge separation and current generation (Figure 1.1) 
begins when a photon is absorbed by the dye molecule that is chemically bound to the 
semiconductor material (1).  Absorption of a photon leads to an excited state of the dye molecule 
on the metal oxide which undergoes excited-state electron transfer into the conduction band of the 
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metal oxide (2).16  After electron transfer into the conduction band of the metal oxide, the dye is 
left in an oxidized state, which is reduced by a redox mediator in solution (3), typically iodide or 
Co2+.  This regenerates the dye to prepare it for another photon absorption.  Meanwhile, the 
injected electron diffuses through the metal oxide to the back contact (electrode) (4) where it is 
run through an external circuit to generate current (electricity).  The electron travels to the counter 
electrode (usually Pt) where it is used to reduce the oxidized redox mediator, I3- or Co3+ (5).  
Theoretically, the amount of current generated is equal to the thermodynamic energy difference 
between the Fermi level of the metal oxide and the redox mediator couple.17 
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Figure 1.1.  Diagram of a typical dye-sensitized solar cell showing the relative energetics and electron 
transfer processes leading to photo-current generation: (1) Light absorption to generate an excited state, (2) 
rapid excited-state electron transfer into the conduction band of the metal oxide, (3) regeneration of the dye 
by I-, (4) electron migration through the metal oxide film, and (5) reduction of I3- at the counter electrode; 
and the competing, deleterious processes: (6) excited state decay without injection, (7) charge 
recombination of injected electrons with the oxidized dye, and (8) back electron transfer to the oxidized 
redox electrolyte. 
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 The success of DSSCs lies in the inhibition of unfavorable back electron transfer (BET) events 
that cause a loss in efficiency.  A deleterious process of excited state decay (6) is limited due to 
rapid injection, on the femto- to picosecond time-scale.16  BET from the electron in the 
conduction band of semiconductor to the oxidized dye (7) is also inhibited due to the rapid dye 
regeneration by the redox electrolyte.17,18  This process is one of many favorable kinetic 
phenomena that allow the Grätzel cell to work, and it is the main reason why the most effective 
redox electrolyte remains the I-/I3- couple.  Even with favorable kinetics Grätzel cell efficiencies 
are limited by light-absorption, radiative and nonradiative decay pathways, and energy losses 
necessary for appropriate thermodynamics to drive electron injection and dye regeneration.  
DSSCs have also been limited by the small variety of viable redox electrolytes, which in turn 
limit the maximum amount of voltage that can be generated by the cell. 
A limitation of all photon-to-current devices is the inherent diffuse and intermittent nature of 
the sun. Even in areas that receive little to no rain or cloud cover, the diurnal nature of sunlight 
means any one area will only be illuminated ~8 hours/day.  Additionally, the need for powering 
planes, trains, and automobiles require mechanisms for solar energy storage, as over 80 % of 
current energy use comes from non-renewable fossil fuels.19  For this reason, it becomes 
attractive to use solar energy to generate liquid fuels.  The harnessing of solar energy to generate 
fuels is not a new idea; in fact, it has been in practice for 2.4 billion years.  Photosynthesis is a 
large-scale, well tested and effective method of harvesting and storing solar energy.  The overall 
efficiency of photosynthesis to generate useful fuels for human consumption is low, however, due 
to the myriad of peripheral (and not so peripheral) processes that green plants must power (e.g. 
growth and reproduction).  It would be useful, however, to understand how photosynthesis works 
in order to simplify it to its most basic interpretation, and then extract the main concepts for 
implementation in a more direct light-to-fuels device.  
 Chemically, fuels are reduced materials that can be oxidized to generate energy.  This means 
plants need energy and electrons (i.e. reducing equivalents) to produce fuel.  In plants, the 
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production of fuels begins by absorbing energy in the form of sunlight.  On such a large and 
worldwide scale, the most accessible source of electrons is water.  Green plants thus take energy 
from the sun, use it to oxidize water, then use the electrons and protons generated from the 
reaction (Equation 1.1) to eventually reduce CO2 to carbohydrates.  These reactions are incredibly 
demanding; the water oxidation half of the equation alone requires transfer of 4e- and 4H+ and has 
a ΔG° of 1.23 eV.  In order to achieve water oxidation, plants couple antenna systems used to 
efficiently gather light at wavelengths available in the environment, then transfer the excitation 
energy into a reaction center known as the oxygen evolving complex (OEC) which resides in 
Photosystem II (Figure 1.2.) 
 
2H2O  O2 + 4H+ + 4e-                (Eq. 1.1) 
 
 
Figure 1.2.20  The crystal structure of the Photosystem II dimer at 1.9 Å resolution.  Structure, protein 
subunits, and cofactors obtained and assigned by Umena and coworkers.20 
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Single electron activation of the OEC in Photosystem II occurs via the Kok cycle which is a 
set of step-wise single-photon-absorption, single-electron-transfer events that remove the required 
4e- and 4H+ (Figure 1.3).21  These reductive equivalents are then transported by a series of redox 
couples, and are eventually used to synthesize adenosine triphosphate (ATP) by ATP synthase, 
and niotinamide adenine dinucleotide phosphate (NADPH) by Photosystem I.  The entire system 
is carefully tuned energetically so that all electron transfers and reactions (other than photon 
absorption) are exergonic, and tuned kinetically to drive the catalyst centers at optimal rates to 
avoid high-energy and reactive intermediates.  Photosynthesis also includes protective 
mechanisms to prevent damage from excess light, but the reaction is still so demanding that the 
OEC is regenerated every 30 minutes.  Remarkably, chemical energy is produced from solar 
energy, and then, by a second reaction, the ATP and NADPH are used to reduce CO2 to 
carbohydrates in the Calvin cycle in Photosystem I.  These two Photosystems are able to store 
4.56 eV per cycle in the two photogenerated NADPH molecules in addition to seven equivalents 
of ATP with 7.5 kcal/mol of stored energy each.22 
 
 
Figure 1.3.23  S-state cycle for oxygen evolution in PS II first suggested by Kok et al.21 showing five steps 
and 4e-/4+ transformation of water oxidation.23 
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 In Photosystem I, electrons from the OEC are transported through a series of electron-transfer 
mediators, and are supplied to a chlorophyll, P700, which undergoes photon absorption and 
reductive quenching to enhance the reducing strength of the system.  This second photon 
absorption is necessary to generate enough redox potential to reduce NADP+ to NADPH, the 
second component, (along with ATP from ATP synthase in Photosystem II), needed for the 
fixation of CO2 through the Calvin cycle.  This completes the overall conversion of sunlight, 
water, and CO2 into carbohydrates (Equation 1.2). 
 
6CO2 + 6H2O + 24hν  C6H12O6 + 6O2 : ΔG°′ = 29.1 eV, n = 24    (Eq. 1.2) 
 
 Photosynthesis relies on many carefully balanced factors, and these factors are important to 
consider when designing artificial photosynthetic systems.  Artificial photosynthesis is attractive 
because it provides a way to generate fuel from abundant sunlight.  However, a practical device 
will require that the complicated nature of photosynthesis be simplified and streamlined.  The 
most important design schemes for an artificial photosynthetic device come from poignant 
lessons learned from the biological blueprint.  An artificial photosynthetic fuel production system 
requires chromophore/redox mediator (CRM) complexes to harvest sunlight and generate 
electrochemical potential, catalysts for water oxidation, and catalysts for either H+ or CO2 
reduction.  Not only will a successful system require the careful design of components, but also 
clever systems engineering that will need to incorporate important design features, such as visible 
light absorption, rapid and long-range charge separation, Proton-Coupled Electron Transfer 
(PCET) to avoid high energy intermediates, and catalyst turnover frequencies > 1s-1 to keep up 
with the solar flux. 
 Approaches to artificial photosynthetic reaction centers and the utilization of light for water 
splitting have been an active area of research since the 1970s.1,24-28  The goal of artificial 
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photosynthesis is challenging because it requires the integration of multiple chemical functions in 
a stable chemical architecture.  For this reason, progress in artificial photosynthetic systems has 
been slower to develop than the technologies for direct sunlight-to-electricity conversion.  Just as 
in natural photosynthesis, it is desirable to reduce CO2 to fuels in artificial photosynthesis, with 
electrons coming from the oxidation of water.  Unlike natural photosynthesis, however, reducing 
the CO2 to methane or methanol, as opposed to carbohydrates, would be more easily integrated 
into current energy infrastructure.  The half reactions are shown in Equations 1.3 and 1.4. 
 
2H2O + 4hν  O2 + 2H2           (Eq. 1.3) 
2H2O + CO2 + 8hν  2O2 + CH4           (Eq. 1.4) 
 
O2 HO2 H2O2 H2O
OH
H2O
+
-0.13 V 1.50 V
1.23 V
0.72 V
2.8 V
2.9 V
 
CO2 HCO2H H2CO CH3OH
-0.11 V -0.03 V
0.03 V
0.17 V
CO2
CH4
0.24 V 0.58 V
 
Figure 1.4.  Latimer diagrams detailing the one-electron intermediates for the O2/H2O couple (top) and the 
CO2/CH4 couple at pH = 0 (bottom).  The reported redox potentials are vs. NHE. 
 
 Each of these redox reactions can be divided into half reactions that involve the loss or gain of 
multiple electrons.  This and the high-energy content of the intervening 1e- intermediates ensure 
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that both the photochemical fuel-forming reactions and their subsequent recombination are slow 
under ambient conditions.  The effect of these high energy intermediates is demonstrated in the 
Latimer diagrams in Figure 1.4.  Both half reactions must therefore be catalyzed and involve 
PCET reactions if they are to occur at appreciable rates.  The desiging of catalysts for the multi-
electron, multi-proton transformations associated with artificial photosynthesis is a significant 
challenge.  Light-driven, single-electron activation of multi-electron catalysis with accessible 
electron-proton transfer (EPT) pathways must be available to avoid the high energy 
intermediates. 
 An approach to simplifying photosynthesis into manageable synthetic components is to 
separate the half-reactions at discrete electrodes in an electrochemical cell (Figure 1.5).  The 
potential necessary for the reactions is supplied by sunlight.29  This Dye-Sensitized-
Photoelectrosynthesis Cell (DSPEC) design simplifies integration of these two complex multi-
electron multi-proton reactions.  The two half reactions are connected by electron flow through an 
external circuit in order to maintain charge neutrality.  This design requires stable interfacial links 
to attached molecules and molecular assemblies, and the links must support facile electron 
transfer to and from the electrode or semiconductor surface. 
 The DSPEC in Figure 1.5 combines characteristics of photosynthesis with integration of 
molecular assemblies for the two half-reactions required for solar energy conversion.  At the 
anode, water is used as the electron supply through oxidation to O2.  Similar to a DSSC, a photon 
is absorbed by a chromophore/redox mediator material (CRM).  The CRM injects an electron 
from the excited state into the conduction band of the metal oxide.  After injection the CRM must 
oxidize an attached water oxidation catalyst (WOC).  Since 4 e- are required for the 
transformation of H2O to O2, the series of events (excitation-injection-oxidation) must occur four 
times.  This is demanding because it must be competitive with BET processes, and the CRM must 
maintain a potent enough oxidation potential to drive the WOC.  
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Careful attention to energetics, materials, and rates is necessary with a delicate balance of 
properties required for successful light-driven reactions.  First, the metal oxide must be 
transparent (have a large band-gap), be a semiconductor with a discreet conduction band (CB) 
energy, and that CB must be energy-matched to the excited state of the CRM (exited state 
reduction potential of CRM must be more negative than the CB).  Several metal oxides that have 
been studied for a possible photoanode material are shown in Figure 1.6, with TiO2 being the 
most prominent and well-studied.   The CRM molecule must also have specific properties; (1) 
absorption of visible light, (2) an excited state reduction potential able to inject electrons, and (3) 
an oxidation potential capable of driving the water oxidation reaction.  Finally, the molecular 
catalyst must be able to oxidize water at the potential provided by the CRM and turn-over on a 
timescale that is competitive with BET processes. 
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Figure 1.5.  Diagram of a dye-sensitized-photoelectrosynthesis cell (DSPEC) showing the relative 
energetics and electron transfer processes leading to water oxidation: (1) Light absorption to generate an 
excited state, (2) rapid excited-state electron transfer into the conduction band of a metal oxide, (3) 
oxidation of a  molecular water oxidation catalyst (four cycles of these events leads to water oxidation), (4) 
electron migration through the metal oxide film; and CO2 reduction: (5) light absorption to generated an 
excited state, (6) hole injection into a metal oxide to create a reduced dye, (7) electron transfer from the 
reduced dye to a CO2 reduction catalyst (4 – 8 cycles required depending on CO2 reduced product), and (8) 
filling of the injected hole by electrons through the external circuit generated from water oxidation. 
 
Once these demands are met, the electrons in the conduction band of the metal oxide must 
then migrate to the cathode to carry out CO2 reduction.  Unfortunately, most semi-conductor 
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metal oxides have insufficient CB energies to reduce CO2 directly (Figure 1.6).  Metal oxides that 
do have strongly reducing CB energies like ZrO2 will not work on the anode as the CB energies 
are too negative for any CRM complexes to efficiently inject electrons into.  For this reason the 
design of the cathode borrows another principle from photosynthesis and employs a second CRM 
to boost the reducing power of the electrons.  For the DSPEC device, this involves photon 
absorption by a CRM followed by hole-injection into a metal oxide (or reductive quenching by an 
electron in the valence band of the metal oxide).   Reductive quenching of a CRM can lead to 
strongly reducing materials with potentials for Ru-polypyridyl dyes of -1.2 V vs. NHE.   Most of 
the semiconductor literature is a result of studies of DSSCs, rather than DSPECs, so few materials 
are known for this application, although research efforts are increasing.  NiO is one of the 
materials best suited for this purpose.  It is also shown in Figure 1.6. The photocathode of the 
DSPEC has the same inherent demands placed on the molecular assembly.  Luckily, given the 
modular nature of the device, the two electrodes for water oxidation and CO2 reduction may be 
studied independently to find the optimal design, and then be combined in an overall working 
device. 
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Figure 1.6.  Conduction and valence band energies for some common wide band-gap semiconductors for 
application in DSPECs showing the relationship of the band energies to relevant couples for solar fuels 
production.  Values for absolute band energies and band gaps are reported in V vs. NHE at pH = 0 and are 
taken from literature.30-32 
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 Research is needed to design molecular assemblies for both photocathodes and photoanodes 
capable of these demanding transformations.  Ubiquitous to any device design, however, where 
fuel is produced from protons or CO2 is water oxidation at the photoanode.  This dissertation 
focuses on the design and synthesis of a molecular assembly capable of light-driven water 
oxidation for use in the anode of a DSPEC.  This may be coupled with proton or CO2 reduction to 
generate fuels.  The following chapters will focus on several topics relevant to the design 
principles of a molecular assembly for light-driven water oxidation. 
Chapter 2 – Water Oxidation by Single-Site Ruthenium Complexes. 
Investigations into Ru polypyridyl complexes for water oxidation have led to a family of 
catalysts with properties that can be tuned based on careful control of ligand environments.  The 
control of catalyst properties is important for catalysts that operate under necessary conditions for 
a photoanode application. 
Chapter 3 – First-Row Transition Metal Complexes of Multi-Dentate Ligands for Water 
Oxidation Catalysis.   
With the success in studying Ru polypyridyl catalysts and the understanding of reaction 
mechanism afforded by studying complexes of Ru, we applied these design principles to the 
synthesis of first-row transition metal complexes for water oxidation.  These studies led to 
important findings for applying first-row transition metals to water oxidation and resulted in the 
synthesis and characterization of an Fe complex that can catalyze water oxidation at pH = 7. 
Chapter 4 – Heteroleptic Polypyridyl Ruthenium Chromophore/Redox Mediator Complexes 
for Solar Conversion. 
An important component in the photoanode is design of CRM complexes for photon 
absorption and electron injection.  This chapter details controlling the properties of CRM 
complexes through careful ligand manipulation. 
Chapter 5 – Perylene Diimide as an Organic Dye and Semiconductor. 
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Although Ru complexes are excellent CRM materials, it is desirable to find organic molecules 
that could be used as sensitizers for large-scale applications.  We have investigated an organic 
dye through transient absorption spectroscopy and show excited state charge separation and hole 
collection leading to a long-lived charge separated state. 
Chapter 6 – Synthesis of Phosphonic Acid-Derivatized Bipyridine Ligands and Their 
Ruthenium Complexes.  
For a photoanode, it is important that the CRM or molecular assembly be attached to a metal 
oxide surface, and that attachment must be stable under solar irradiation and redox cycling.  We 
have investigated and improved the synthesis of phosphonic acid-derivatized ligands for use in 
molecular assemblies that are stable anchors to metal oxides. 
Chapter 7 – Redox Mediator Effect on Water Oxidation in a Ruthenium-Based Chromophore-
Catalyst Assembly. 
Necessary for a photonanode is the synthesis of molecular assemblies that incorporate both a 
CRM and a catalyst.  In this chapter we report one of the few examples of the successful 
synthesis of a molecular assembly incorporating these complexes and the enhanced ability of the 
assembly to catalyze water oxidation with rates 8X faster than the rates of the catalyst alone. 
Chapter 8 – Low Overpotential Water Oxidation by a Surface-Bound Ruthenium-
Chromophore-Ruthenium-Catalyst Assembly. 
Extending the work from the previous chapter with a CRM-catalyst molecular assembly, we 
derivatized the assembly with phosphonic acid groups for attachment to metal oxide surfaces.  
The assembly is an electrocatalyst for water oxidation and importantly is shown to begin catalysis 
at the potential required to oxidize the CRM. 
Chapter 9 – Multiple Charge Build-Up Leading to Water Oxidation in a Rutheniu-
Chromophore-Ruthenium-Catalyst Assembly Anchored to TiO2. 
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Finally, the assembly is investigated by TA techniques to understand the electron transfer 
events leading to water oxidation catalysis.  We show that under illumination, the assembly is 
capable of driving water oxidation in a photoanode configuration.  
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CHAPTER 2 
Water Oxidation by Single-Site Ruthenium Catalysts 
Reprinted in part with permission from Concepcion, J. J.; Jurss, J. W.; Norris, M. R.; Chen, Z.; 
Templeton, J. L.; Meyer, T. J. Inorg. Chem.  2010, 49, 1277 – 1279.  Copyright 2010 American 
Chemical Society. 
 
INTRODUCTION 
Well defined, molecular catalysts for the conversion of water to solar fuels are highly sought 
for their possible applications in the capture and storage of solar energy.  An important half 
reaction in the utilization of solar fuels is the water oxidation reaction.  In the past few years a 
multitude of transition metal polypyridyl catalysts have been reported for water oxidation.1-7  
Some of the most active and robust catalysts are polypyridyl ruthenium complexes.2,6,8,9  Ru 
catalysts are promising for their high TOFs and TONs, as well as the ability to study and 
understand the mechanistic details of the water oxidation reaction, giving way to logical design 
advances and improvements to the activities of these catalysts. 
In 2008, Concepcion et al. reported that [Ru(tpy)(bpm)(OH2)]2+ and [Ru(tpy)(bpz)(OH2)]2+ 
(tpy = 2,2′:6′,2′′-terpyridine; bpm = 2,2′-bipyrimidine; bpz = 2,2′-bipyrazine) act as single-site 
catalysts for water oxidation.8 Mechanistic studies revealed a well-defined, stepwise mechanism 
featuring proton-coupled electron transfer (PCET),10,11 a high-oxidation-state RuV=On+ 
intermediate, which undergoes O—O coupling with H2O, and a series of peroxidic intermediates.  
The sequence of reactions is illustrated in Scheme 2.1. 
 With mechanistic details established important questions remain.  Is single-site water 
oxidation catalysis a general phenomenon as suggested by other reports?1,9  What are the factors 
of molecular and electronic structure that maximize the catalytic rates and turnover numbers?  
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Does surface attachment affect the catalysis of these complexes?  Importantly, are the lessons 
learned from single-site ruthenium complexes applicable to first-row transition metals?  This last 
question will be dealt with in the next chapter. 
We report here catalytic water oxidation by a series of single-site polypyridyl ruthenium 
complexes, both in solution and preliminary studies on metal oxide electrodes.  The diversity of 
ligand environments, their influence on the rates and reaction thermodynamics, and the breadth of 
reactivity are remarkable.  They point to a family of catalysts at the molecular scale with 
reactivity controllable by ligand variations that, by suitable modification, can be incorporated into 
molecular assemblies, nanostructured arrays, or at interfaces. 
 
Scheme 2.1.  Single-Site Water Oxidation Mechanism with CeIV as the Oxidant 
 
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. Stock solutions of CeIV for kinetic and stoichiometric measurements were 
prepared from (NH4)2Ce(NO3)6 (99.99+%, Aldrich). Nitric acid (Trace Metal Grade, 70%) was 
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purchased from Fisher Scientific and perchloric acid (70%, purified by redistillation, 99.999% 
trace metals basis) was purchased from Aldrich. 2,2′-bipyrimidine (97%) and RuCl3×3H2O were 
purchased from Aldrich and used as received. 2,2′-bipyrazine12 and [Ru(tpy)Cl3]13 were prepared 
as described in the literature. [Ru(tpy)(bpm)(OH2)](PF6)2 and [Ru(tpy)(bpz)(OH2)](PF6)2 (bpm is 
2,2′-bipyrimidine and bpz is 2,2′-bipyrazine) were available from a previous study.8  All other 
reagents were ACS grade and used without additional purification. 
Elemental analyses were conducted by Atlantic Microlab, Inc., Atlanta, Georgia. UV/Vis 
spectra and UV/Vis spectra vs. time were recorded on an Agilent Technologies Model 8453 
diode-array spectrophotometer. Kinetic measurements were also performed on a Shimadzu UV-
Vis-NIR Spectrophotometer Model UV-3600 by monitoring the disappearance of CeIV at 360 nm. 
Electrochemical measurements were performed on an EG&G Princeton Applied Research model 
273A potentiostat/galvanostat. Voltammetric measurements were made with a planar EG&G 
PARC G0229 glassy carbon millielectrode, a platinum wire EG&G PARC K0266 counter 
electrode, and Ag/AgCl EG&G PARC K0265 reference electrode.  1H NMR spectra were 
recorded on Bruker Avance 400 MHz or Bruker 600 MHz spectrometers. 
Oxygen evolution experiments. Oxygen measurements were performed with a calibrated O2 
electrode (YSI, Inc., Model 550A) or with a fluorescence-based YSI ProODO O2 calibrated 
electrode. In a typical experiment, 30 equivalents of CeIV were added to stirred solutions 
containing 1.0-2.9×10-3 M ruthenium complex in 1.0 or 0.1 M HNO3. The air-tight reaction cell 
was purged with argon prior to the addition of the CeIV until the digital readout had stabilized. O2 
evolution vs. time was recorded and the theoretical maximum was achieved ± 3 %. 
Synthesis and characterization. 
Ligands 
2,6-bis(1-methylbenzimidazol-2-yl)pyridine (Mebimpy). This ligand was prepared by a 
modification of the procedure reported for 2,6-bis(benzimidazol-2-yl)pyridine.14 A mixture of 
pyridine-2,6-dicarboxylic acid (3.35 g, 20 mmol) and N-methyl-1,2-phenylenediamine (5.38 g, 44 
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mmol) in 40 mL of 85% phosphoric acid was stirred at ca. 230 ºC for 4 h. The dark green melt 
was poured into 1L of vigorously stirred cold water. After it was cooled to room temperature, the 
blue precipitate was collected by filtration, then slurried into 300 mL of hot aqueous sodium 
carbonate solution (10%). The resulting solid was filtered off and recrystallized from methanol to 
give a white solid. Yield: 5.77 g, 85%. 1H NMR (CDCl3): δ 8.42 (d, 2H), 8.05 (t, 1H), 7.86–7.89 
(m, 2H), 7.44–7.48 (m, 2H), 7.33–7.41 (m, 4H), 4.25 (s, 6H, 2CH3). This ligand was pure by 1H-
NMR and was used without further purification. 
2,6-bis(dimethylaminomethyl)pyridine (bDMAP). This ligand was prepared by a literature 
procedure.15  
N-Methyl-N′-2-pyridylimidazolium hexafluorophosphate (MeIm-py+PF6-). This ligand 
was synthesized by a modification of a literature procedure.16 A mixture of 2-bromopyridine 
(3.16 g, 20.0 mmol) and 1-methylimidazole (1.64 g, 20.0 mmol) was kept neat at 160 °C for 48 h. 
After cooling to ca. 50 ºC, acetone was added and the resulting solid was filtered and washed with 
acetone and ether. The solid was dissolved in water, filtered and added to aqueous ammonium 
hexafluorophosphate. Upon standing for 2 hours the solid was isolated by filtration and washed 
with water and ether. Yield: 4.27 g (70%). 1H NMR (CD3CN): δ 9.25 (s, 1H, NCHN), 8.59 (d, 
1H), 8.08-8.12 (dt, 1H), 8.06 (t, 1H), 7.72 (d, 1H), 7.56-7.59 (dd, 1H), 7.54 (t, 1H), 3.96 (s, 3H, 
CH3). This ligand was pure by 1H-NMR and was used without further purification. 
N-Methyl-N′-2-pyridylbenzimidazolium iodide (Mebim-py+I-). A mixture of 2-
iodopyridine (2.0 g, 9.8 mmol) and 1-methylbenzimidazole (1.29 g, 9.8 mmol) was kept neat at 
140 °C for 72 h. After cooling to ca. 50 ºC, acetone was added and the resulting solid was filtered 
and washed with acetone and ether. Yield: 826 mg (25%). 1H NMR (DMSO-d6): δ 10.48 (s, 1H, 
NCHN), 8.79 (d, 1H), 8.47-8.49 (m, 1H), 8.27-8.32 (dt, 1H), 8.14-8.16 (m, 1H), 8.04 (d, 1H), 
7.77-7.82 (m, 2H), 7.71-7.74 (dd, 1H), 4.20 (s, 3H, CH3). This ligand was pure by 1H-NMR and 
was used without further purification. 
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N-Methyl-N′-2-pyrazylbenzimidazolium iodide (Mebim-pz+I-). A mixture of 2-
iodopyrazine (2.0 g, 9.7 mmol) and 1-methylbenzimidazole (1.28 g, 9.7 mmol) was kept neat at 
135 °C for 72 h. After cooling to ca. 50 ºC, acetone was added and the resulting solid was filtered 
and washed with acetone and ether. Yield: 1.1 g (34%). 1H NMR (DMSO-d6): δ 10.59 (s, 1H, 
NCHN), 9.36 (s, 1H, pz), 8.97 (d, 1H), 8.88-8.90 (m, 1H), 8.47-8.49 (m, 1H), 8.17-8.19 (m, 1H), 
7.79-7.85 (m, 2H), 4.23 (s, 3H, CH3). This ligand was pure by 1H-NMR and was used without 
further purification. 
4,4′-Bis(diethylmethylphosphonate)-2,2′-bipyridine (4,4′-(H2O3PCH2)2-bpy). This ligand 
was prepared by a literature procedure.17  
Complexes 
Ru(tpy)Cl3. This complex was synthesized by a literature procedure.13  
Ru(Mebimpy)Cl3. This complex was synthesized as reported for Ru(tpy)Cl313 using Mebimpy 
intead of tpy. In a typical experiment RuCl3×3H2O (1.00 g, 3.83 mmol) and Mebimpy (1.30 g, 
3.83 mmol) were mixed in 400 mL of ethanol and the mixture refluxed for 3 hours. Upon cooling 
to room temperature, the brown solid was filtered, washed with ethanol until the ethanol came out 
clear and finally with ether. Yield: 1.6 g, 76%. This compound was used without further 
purification. 
Ru(bDMAP)Cl3. This complex was synthesized by a modification of a literature procedure.15 
RuCl3×3H2O (2.0 g, 7.66 mmol) and bDMAP (1.48 g, 7.66 mmol) were refluxed in ethanol (50 
mL) for 3 hours. Upon cooling the green solid was filtered and washed with ethanol and ether. 
This solid was refluxed in 30 mL of concentrated HCl for ~ 30 min to yield the product as an 
orange powder that was collected by filtration and washed with water and ether. This compound 
was used without further purification. 
((Mebimpy)(Cl)Ru)2Cl2. Ru(Mebimpy)Cl3 (500 mg, 0.91 mmol) was suspended in ethanol 
(40 mL) and the mixture degassed by bubbling argon through it. Triethylamine (1.5 mL) was 
added and the mixture refluxed for 2 hours and filtered hot. The purple solid obtained was 
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washed with ethanol and ether to remove [Ru(Mebimpy)2]Cl2, which is soluble in ethanol. This 
impurity is the result of reduction of [Ru(Mebimpy)2]Cl3 that forms as a byproduct in the 
synthesis of Ru(Mebimpy)Cl3.  Yield: 421 mg (90%). [((Mebimpy)(Cl)Ru)2Cl2] was used without 
further purification. 
Ru(NCCH3)4(Mebim-py)(PF6)2.  A suspension of Ag2O (1.32 g, 5.69 mmol) and [Mebim-
py](PF6] (1.01 g, 2.84 mmol) in acetonitrile (30 mL) was degassed with Ar and heated at 50 °C 
for 4 h.  The warm reaction mixture was then filtered through Celite to remove unreacted Ag2O.  
To the filtrate was then added [(Bz)RuCl]2(Cl2) (0.71 g, 1.4 mmo) and the reaction was heated at 
reflux under Ar overnight.  After cooling, the reaction mixture was filtered through Celite to 
remove AgCl and the acetonitrile was removed from the filtrate to give an orange residue.  The 
residue was dissolved in water and an aqueous NH4PF6 solution was added to precipitate the 
product.  The yellow solid was filtered and washed with water and Et2O.  Yield: 1.23 g (57 %). 
1H NMR (CD3CN): δ 8.97 (dd, 1H), 8.26 (d, 1H), 8.17 (m, 2H), 7.77 (dd, 1H), 7.57 (qd, 2H), 
7.47 (t, 1H), 4.26 (s, 3H), 2.55 (s, 3H), 2.06 (s, 6H). 
Ru(tpy)(bpy)(OH2)(ClO4)2. This complex was prepared as reported in the literature.18  
trans-Ru(tpy)(Mebim-py)(OH2)(ClO4)2•2H2O. Ru(tpy)Cl3 (500 mg, 1.13 mmol) and 
Mebim-py+I- (382 mg, 1.13 mmol) were suspended in ethyleneglycol and degassed by bubbling 
argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 150 ºC for 
3 hours. The crude product was isolated by addition of aqueous ammonium hexafluorophosphate 
and washed with water and ether. The brown solid obtained was dissolved in acetone and aqueous 
potassium nitrate was added. The solvents were removed by rotary evaporation and a small 
amount of 0.1 M HNO3 was added. The mixture was filtered to remove undissolved materials and 
the filtrate was loaded on a column (Sephadex LH-20) and eluted with 0.1 M HNO3. The yellow-
orange band was collected and added to saturated aqueous sodium perchlorate. Upon standing in 
the refrigerator overnight crystals of Ru(tpy)(Mebim-py)(OH2)(ClO4)2•2H2O formed. The product 
was isolated by filtration, washed with ice-cold water and air-dried. Yield: 315 mg, 35%. Anal. 
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Found (Calc.) for C28H28Cl2N6O11Ru: C, 42.25 (42.22); N, 10.68 (10.55); H, 3.45 (3.54). 1H NMR 
(CD3CN, as Ru(tpy)(Mebim-py)(CD3CN)2+): δ 9.44 (d, 1H), 8.52 (d, 3H), 8.40 (d, 2H), 8.35-8.39 
(dt, 1H), 8.27-8.31 (t, 1H), 8.16 (d, 1H), 7.99-8.03 (dt, 2H), 7.73-7.76 (m, 1H), 7.59 (d, 2H), 7.41-
7.45 (dt, 1H), 7.35-7.39 (dt, 1H), 7.30-7.34 (m, 2H), 7.27 (d, 1H), 2.90 (s, 3H, CH3). 
trans-Ru(tpy)(Mebim-py)(OH2)(Cl)2 (Microwave).  Ru(tpy)Cl3 (500 mg, 1.13 mmol) and 
Mebim-pz+I- (382 mg, 1.13 mmol) were suspended in 1:1 EtOH/H2O (30 mL) in a microwave 
vessel and degassed by bubbling nitrogen. Triethylamine (0.2 mL, 1.5 mmol) was added with a 
syringe and the mixture was heated in the microwave ramping the temperature to 165 ºC over 5 
min, then holding the temperature at 165 ºC for 20 min.  After cooling, the reaction mixture was 
reduced to ~5 mL on a rotary evaporator and the product was purified on a column of Sephadex 
LH-20.  Yield: 373 mg (52 %).  1H NMR (CD3OD): δ 9.34 (d, 1H), 8.75 (m, 3H), 8.62 (d, 2H), 
8.46 (dt, 1H), 8.38 (t, 1H), 8.31 (d, 1H), 8.11 (dt, 2H), 7.88 (dt, 1H), 7.67 (d, 2H), 7.44 (dt, 3H), 
7.30-7.43 (m, 2H), 3.07 (s, 3H, CH3). 
cis-Ru(tpy)(Mebim-py)(NCCH3)(Cl)2.  Ru(NCCH3)4(Mebim-py)(PF6)2 (300 mg, 0.39 mmol) 
and 2,2′:6′,2′′-terpyridine (92 mg, 0.39 mmol) were dissolved in 1:1 EtOH/H2O (30 mL), placed 
under argon, and heated at reflux overnight.  A 1H NMR of this reaction mixture showed 
complete conversion to product, but an approximately 1:1 mixture of the cis and trans isomers.  
The mixture of products was purified on a Sephadex LH-20 column eluting with 1:1 MeOH/0.1 
M HCl.  The cis isomer eluted first as a bright orange band.  Like fractions were combined and 
the solvent volume was removed to give an orange solid.  Yield: 32 mg (13 %).  1H NMR (D2O 
as cis-Ru(tpy)(Mebim-py)(NCCH3)(Cl)2 with small amount of isomer as cis-Ru(tpy)(Mebim-
py)(Cl)(Cl)): δ 8.49 (d, 2H), 8.27 (m, 3H), 8.04 (t, 2H), 7.63 – 7.79 (m, 6H), 7.48 (t, 1H), 7.39 (t, 
1H), 7.12 (d, 1H), 7.02 (t, 2H), 6.69 (t, 1H), 4.37 (s, 3H, CH3), 3.17 (s, 3H). 
trans-Ru(tpy)(Mebim-pz)(OH2)(NO3)(PF6)•2H2O. Ru(tpy)Cl3 (500 mg, 1.13 mmol) and 
Mebim-pz+I- (382 mg, 1.13 mmol) were suspended in ethyleneglycol and degassed by bubbling 
argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 150 ºC for 
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2 hours. The crude product was isolated by addition of aqueous ammonium hexafluorophosphate 
and washed with water and ether. The brown solid obtained was dissolved in acetone and aqueous 
potassium nitrate was added. The mixture was filtered to remove undissolved materials and the 
filtrate was allowed to stand for several days. The dark red crystals of Ru(tpy)(Mebim-
pz)(OH2)(NO3)(PF6)•2H2O were isolated by filtration, washed with ice-cold water, ether and air-
dried. Yield: 450 mg, 49%. Anal. Found (Calc.) for C27H27F6N8O6PRu: C, 40.81 (40.25); N, 
13.58 (13.91); H, 3.28 (3.38). 1H NMR (CD3CN, as Ru(tpy)(Mebim-pz)(CD3CN)2+): δ 10.2 (d, 
1H), 9.72 (s, 1H, pz) 8.80 (d, 1H), 8.49 (d, 2H), 8.6 (d, 2H), 8.19-8.23 (t, 2H), 7.90-7.94 (t, 2H), 
7.54 (d, 2H), 7.34-7.43 (m, 2H), 7.21-7.24 (dd, 3H), 2.96 (s, 3H, CH3). 
trans-Ru(tpy)(MeIm-py)(OH2)(ClO4)2. Ru(tpy)Cl3 (500 mg, 1.13 mmol) and MeIm-py+PF6- 
(345 mg, 1.13 mmol) were suspended in ethyleneglycol and degassed by bubbling argon. 
Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 150 ºC for 2 
hours. Aqueous sodium perchlorate was added and the mixture was filtered. The filtrate was 
allowed to stand for several hours and a black microcrystalline solid formed. It was isolated by 
filtration, washed with ice-cold water and air-dried. Yield: 520 mg, 65%. Anal. Found (Calc.) for 
C24H22Cl2N6O9Ru: C, 40.50 (40.57); N, 11.72 (11.83); H, 3.12 (3.13). 1H NMR (CD3CN, as 
Ru(tpy)(MeIm-py)(CD3CN)2+): δ 9.36 (d, 1H), 8.49 (d, 2H) 8.39 (d, 2H), 8.26-8.30 (t, 1H), 8.21-
8.25 (t, 1H), 8.00-8.06 (m, 3H), 7.90 (d, 1H), 7.70-7.74 (t, 1H), 7.60 (d, 2H), 7.34-7.37 (t, 2H), 
6.85 (d, 1H), 2.71 (s, 3H, CH3). 
Ru(tpy)(acac)(OH2)(PF6). This complex was prepared as reported in the literature.19  
[Ru(Mebimpy)(bpy)(Cl)](Cl). [((Mebimpy)(Cl)Ru)2Cl2] (300 mg, 0.29 mmol) and bpy (92 
mg, 59 mmol) were suspended in 45 mL of 2:1 EtOH:H2O and the mixture was degassed by 
argon bubbling. The suspension was heated at reflux for 4 hours and 10 mL of 20% aqueous LiCl 
were added. After an additional 20 min the mixture was filtered hot and the filtrate was allowed 
to cool overnight. The brown microcrystalline solid formed was isolated by filtration and washed 
with water and ether. Yield: 329 mg, 85%. 1H-NMR (CD3OD): δ 10.68 (d, 1H), 8.83 (d, 1H), 
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8.71 (d, 2H), 8.44-8.48 (td, 1H), 8.36 (d, 1H), 8.20-8.24 (t, 1H), 8.09-8.12 (td, 1H), 7.69 (d, 2H), 
7.56-7.60 (td, 1H), 7.46 (d, 1H), 7.38-7.42 (t, 2H), 4.51 (s, 6H, 2CH3). This compound was used 
without further purification. 
[Ru(Mebimpy)(bpy)(OTf)](OTf)•4H2O (OTf is the triflate anion). A mixture of 
[Ru(Mebimpy)(bpy)(Cl)](Cl) (267 mg, 0.40 mmol) and AgOTf (218 mg, 0.85 mmol) in MeOH 
(20 mL) were stirred under argon at room temperature overnight. The silver chloride was 
removed by filtration using a bed of Celite and the filtrate was taken to dryness by rotary 
evaporation. Diethyl ether was added and the solid was filtered, washed with ether and air dried. 
Yield: 348 mg, 90%. Anal. Found (Calc.) for C33H33F6N7O10RuS2: C, 41.09 (40.99); N, 10.13 
(10.14); H, 2.86 (3.44). 1H-NMR (CD3CN, 400 MHz, as [Ru(Mebimpy)(bpy)(CD3CN)](OTf)2) δ 
10.10 (d, 1H), 8.70 (d, 1H), 8.67 (d, 2H), 8.49 (td, 1H), 8.36 (t, 1H), 8.28 (d, 1H), 8.07-8.10 (m, 
1H), 7.72 (td, 2H), 7.69 (d, 2H), 7.44-7.48 (m, 2H), 7.41 (d, 1H), 7.13-7.17 (m, 2H), 7.07-7.10 
(m, 1H), 6.20 (d, 2H), 4.44 (s, 6H, 2CH3). 
[Ru(Mebimpy)(bpy)(OH2)](OTf)2. This complex was prepared in-situ dissolving 
[Ru(Mebimpy)(bpy)(OTf)](OTf) in water. UV-Vis (0.1 M HNO3) λmax, nm (ε, M-1cm-1): 487 
(12600), 358 (40460), 343 (34700), 315 (27150), 290 (46300), 253 (sh, 32000), 245 (34700). 
UV-Vis (0.01 M NaOH) λmax, nm (ε, M-1cm-1): 600 (sh, 3970), 518 (11620), 357 (39500), 342 
(33050), 315 (24450), 292 (50500), 255 (sh, 26650), 241 (31770). 
[Ru(Mebimpy)(bpm)(Cl)](Cl). [Ru(Mebimpy)Cl3] (700 mg, 1.28 mmol) and bpm (203 mg, 
1.28 mmol) were suspended in 60 mL of 2:1 EtOH:H2O and the mixture was degassed by argon 
bubbling. Triethylamine (2.5 mL) was added with a syringe and the suspension was heated at 
reflux for 4 hours. 20 mL of 20% aqueous LiCl were added and the brown microcrystalline solid 
formed was isolated by filtration and washed with water and ether. Yield: 728 mg, 85%. 1H-NMR 
(CD3CN): δ 10.89-10.91 (dd, 1H), 9.42-9.44 (dd, 1H), 8.58 (d, 3H), 8.13-8.18 (m, 2H), 7.70-7.72 
(dd, 1H), 7.63 (d, 2H), 7.39-7.44 (td, 2H), 7.09-7.13 (t, 2H), 6.99-7.02 (t, 1H), 6.24 (d, 2H), 4.40 
(s, 6H, 2CH3). This compound was used without further purification. 
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[Ru(Mebimpy)(bpm)(OTf)](OTf)•5H2O (OTf is the triflate anion). A mixture of 
[Ru(Mebimpy)(bpm)(Cl)](Cl) (268 mg, 0.40 mmol) and AgOTf (218 mg, 0.85 mmol) in MeOH 
(20 mL) were stirred under argon at room temperature overnight. The silver chloride was 
removed by filtration using a bed of Celite and the filtrate was taken to dryness by rotary 
evaporation. Diethyl ether was added and the solid was filtered, washed with ether and air dried. 
Yield: 359 mg, 91%. Anal. Found (Calc.) for C31H23F6N9O6RuS2•5H2O: C, 37.63 (37.73); N, 
12.59 (12.77); H, 2.77 (3.37). 1H-NMR (D2O, 400 MHz, as [Ru(Mebimpy)(bpy)(D2O)](OTf)2) δ 
10.27 (dd, 1H); 9.42 (d, 1H); 8.64 (d, 2H); 8.45 (dd, 1H); 8.26 (t, 2H); 8.24 (d, 1H); 7.74 (dd, 
1H); 7.61 (d, 2H); 7.37 (t, 2H); 7.06 (t, 2H); 6.99 (t, 1H); 6.23 (d, 2H); 4.40 (s, 6H, 2CH3). 
[Ru(Mebimpy)(bpm)(OH2)](OTf)2. This complex was prepared in-situ dissolving 
[Ru(Mebimpy)(bpm)(OTf)](OTf) in water. UV-Vis (0.1 M HNO3) λmax, nm (ε, M-1cm-1): 526 (sh, 
4120), 439 (9070), 359 (34180), 345 (28140), 316 (21700), 245 (37640). UV-Vis (0.01 M NaOH) 
λmax, nm (ε, M-1cm-1): 572 (sh, 4840), 494 (8360), 358 (31400), 344 (25950), 315 (20350), 302 
(18300), 262 (sh, 29650), 245 (33600). 
[Ru(Mebimpy)(bpz)(Cl)](Cl). [Ru(Mebimpy)Cl3] (700 mg, 1.28 mmol) and bpz (203 mg, 
1.28 mmol) were suspended in 25 mL of 4:1 ethyleneglycol:H2O and the mixture was degassed 
by argon bubbling. Triethylamine (2.5 mL) was added with a syringe and the suspension was 
heated at 140 ºC for 3 hours. 20 mL of 20% aqueous LiCl were added and the black 
microcrystalline solid formed was isolated by filtration and washed with water and ether. Yield: 
745 mg, 87%. 1H-NMR (DMSO-d6): δ 10.62 (d, 1H), 10.23 (s, 1H), 9.75 (s, 1H), 9.27 (d, 1H), 
8.81 (d, 2H), 8.35-8.39 (t, 1H), 8.17 (d, 1H), 7.87 (d, 2H), 7.76 (d, 1H), 7.38-7.42 (t, 2H), 7.11-
7.15 (t, 2H), 6.04 (d, 2H), 4.50 (s, 6H, 2CH3). This compound was used without further 
purification. 
[Ru(Mebimpy)(bpz)(OTf)](OTf)•4H2O (OTf is the triflate anion). A mixture of 
[Ru(Mebimpy)(bpz)(Cl)](Cl) (268 mg, 0.40 mmol) and AgOTf (218 mg, 0.85 mmol) in MeOH 
(20 mL) were stirred under argon at room temperature overnight. The silver chloride was 
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removed by filtration using a bed of Celite and the filtrate was taken to dryness by rotary 
evaporation. Diethyl ether was added and the solid was filtered, washed with ether and air dried. 
Yield: 359 mg, 91%. Anal. Found (Calc.) for C31H31F6N9O10RuS2: C, 38.13 (38.43); N, 13.26 
(13.01); H, 2.97 (3.23). 1H-NMR (CD3CN, 400 MHz, as [Ru(Mebimpy)(bpz)(CD3CN)](OTf)2) δ 
10.20 (d, 1H), 9.90 (s, 1H), 9.47 (s, 1H), 9.18 (d, 1H), 8.70 (d, 2H), 8.43-8.47 (t, 1H), 8.21 (d, 
1H), 7.68 (d, 2H), 7.59 (d, 1H), 7.43-7.47 (t, 2H), 7.14-7.18 (t, 2H), 6.18 (d, 2H), 4.42 (s, 6H, 
2CH3). 
[Ru(Mebimpy)(bpz)(OH2)](OTf)2. This complex was prepared in-situ dissolving 
[Ru(Mebimpy)(bpz)(OTf)](OTf) in water. UV-Vis (0.1 M HNO3) λmax, nm (ε, M-1cm-1): 509 
(6760), 428 (6450), 357 (27230), 343 (sh, 22880), 308 (32550). 
trans-Ru(Mebimpy)(Mebim-py)(OH2)(OTf)2•H2O. Ru(Mebimpy)Cl3 (618 mg, 1.13 mmol) 
and Mebim-py+I- (382 mg, 1.13 mmol) were suspended in ethyleneglycol and degassed by 
bubbling argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 
150 ºC for 3 hours. The crude product was isolated by addition of aqueous lithium triflate and 
washed with water and ether. The brown solid obtained was dissolved in 1:1 MeOH:H2O, filtered 
to remove undissolved materials and the filtrate was loaded on a column (Sephadex LH-20) and 
eluted with 1:1 MeOH:H2O. The yellow-orange band was collected and added to saturated 
aqueous lithium triflate. Upon standing in the refrigerator overnight Ru(Mebimpy)(Mebim-
py)(OH2)(OTf)2•H2O formed. The product was isolated by filtration, washed with ice-cold water 
and air-dried. Yield: 450 mg, 40%. Anal. Found (Calc.) for C36H32F6N8O8RuS2: C, 43.79 (43.95); 
N, 11.32 (11.39); H, 3.14 (3.28). 1H NMR (CD3CN, as Ru(Mebimpy)(Mebim-py)(CD3CN)2+): δ 
9.83-9.85 (dd, 1H), 8.58-8.62 (t, 3H), 8.49-8.53 (dt, 1H), 8.30-8.34 (t, 1H), 8.12 (d, 1H), 7.81-
7.84 (dt, 1H), 7.67 (d, 2H), 7.40-7.43 (t, 2H), 7.33-7.37 (dt, 1H), 7.28-7.32 (t, 1H), 7.20 (d, 1H), 
7.08-7.12 (t, 2H), 6.09 (d, 2H), 4.39 (s, 6H, 2CH3, Mebimpy), 2.99 (s, 3H, CH3, Mebim-py). 
trans-Ru(Mebimpy)(MeIm-py)(OH2)(OTf)2•2H2O. Ru(Mebimpy)Cl3 (618 mg, 1.13 mmol) 
and MeIm-py+PF6- (345 mg, 1.13 mmol) were suspended in ethyleneglycol and degassed by 
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bubbling argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 
150 ºC for 3 hours. The crude product was isolated by addition of aqueous lithium triflate and 
washed with water and ether. The brown solid obtained was dissolved in 1:1 MeOH:H2O, filtered 
to remove undissolved materials and the filtrate was loaded on a column (Sephadex LH-20) and 
eluted with 1:1 MeOH:H2O. The yellow-orange band was collected and added to saturated 
aqueous lithium triflate. Upon standing in the refrigerator overnight Ru(Mebimpy)(MeIm-
py)(OH2)(OTf)2•2H2O formed. The product was isolated by filtration, washed with ice-cold water 
and air-dried. Yield: 484 mg, 45%. Anal. Found (Calc.) for C36H32F6N8O8RuS2: C, 40.36 (40.38); 
N, 11.74 (11.77); H, 3.25 (3.39). 1H NMR (CD3CN, as Ru(Mebimpy)(MeIm-py)(CD3CN)2+): δ 
9.77 (d, 1H), 8.58 (d, 2H), 8.39-8.43 (t, 1H), 8.24-8.28 (t, 1H), 8.10 (d, 1H), 7.84 (d, 1H), 7.78-
7.82 (t, 1H), 7.69 (d, 2H), 7.43-7.47 (t, 2H), 7.11-7.15 (t, 2H), 6.77 (d, 1H), 6.10 (d, 2H), 4.40 (s, 
6H, 2CH3, Mebimpy), 2.80 (s, 3H, CH3, MeIm-py). 
Ru(Mebimpy)(acac)(OH2)(OTf)•H2O. Neat triflic acid (2.0 mL) was added to 300 mg (0.29 
mmol) of [((Mebimpy)(Cl)Ru)2Cl2] and the mixture was stirred for 1 hour. Addition of ether 
causes precipitation of a red solid which was filtered and washed with ether. This solid is 
presumably Ru(Mebimpy)(OTf)3 and was used in the next step without further characterization. 
The obtained Ru(Mebimpy)(OTf)3, acetylacetone (71 mg, 0.645 mmol) and methanol (40 mL) 
were degassed by argon bubbling and triethylamine (2.0 mL) was added with a syringe. The 
mixture was heated at reflux for 3 hours and water was added, followed by 10% aqueous lithium 
triflate. The purple solid was filtered and washed with water and ether and dried under vacuum. 
Yield: 400 mg, 94%. Anal. Found (Calc.) for C36H32F6N8O8RuS2: C, 44.89 (44.75); N, 9.69 
(9.66); H, 3.87 (3.89). 
Ru(Mebimpy)(4,4′-(H2O3PCH2)2-bpy)(OH2)(OTf)2. Ru(Mebimpy)Cl3 (618 mg, 1.13 mmol), 
4,4′-((OEt)2OPCH2)2-bpy (516 mg, 1.13 mmol) and LiCl (100 mg) were suspended in 45 mL of 
2:1 EtOH:H2O and degassed by bubbling argon. Triethylamine (1.0 mL) was added with a 
syringe and the mixture was heated at reflux for 5 hours. 10% aqueous lithium chloride (20 mL) 
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was added and the precipitate of Ru(Mebimpy)(4,4′-((OEt)2OPCH2)2-bpy)(Cl)(Cl) was isolated 
by filtration and washed with water and ether. This solid was refluxed in 60 mL of 4.0 M aqueous 
HCl for 5 days to hydrolyze the phosphonate esther groups. After cooling to room temperature, 
the purple precipitate of Ru(Mebimpy)(4,4′-(H2O3PCH2)2-bpy)(Cl)(Cl) was isolated by filtration 
and washed with water and ether. To this solid, triflic acid (3.0 mL) was added, and the mixture 
was stirred at room temperature for 2 hours. Hydroquinone (124 mg, 1.13 mmol) dissolved in 10 
mL of water was added to reduce any Ru(III) species and after a few minutes aqueous lithium 
triflate was added to complete precipitation of the product. The maroon solid was isolated by 
filtration, washed with water, ether and air-dried. Yield: 896 mg, 72%. Anal. Found (Calc.) for 
C35H33F6N7O13P2RuS2: C, 38.73 (38.19); N, 9.19 (8.91); H, 3.95 (3.02). 1H NMR (CD3OD): δ 
9.83-9.91 (dd, 1H), 8.81 (d, 2H), 8.77 (d, 2H), 8.33-8.37 (t, 1H), 8.28-8.32 (t, 1H), 8.12-8.18 (dd, 
1H), 7.70-7.74 (t, 2H), 7.42 (d, 1H), 7.39 (d, 1H), 7.11-7.20 (m, 2H), 6.92 (d, 1H), 6.31-6.35 (t, 
2H), 4.56 (s, 6H, 2CH3, Mebimpy), 3.66 (d, 2H, CH2), 2.97 (d, 2H, CH2). 
Ru(bDMAP)(bpy)(OH2)(PF6)2•1.5H2O. This complex was prepared by a modification of a 
literature procedure for Ru(bDMAP)(bpy)(OH2)(ClO4)2•2H2O.15 Ru(bDMAP)Cl3 (500 mg, 1.25 
mmol), bpy (195 mg, 1.25 mmol) and zinc powder (1.00 g) were suspended in water (60 mL) and 
degassed by bubbling argon. The mixture was heated at reflux for 1 hour and filtered hot through 
a bed of Celite. The crude product was isolated by addition of aqueous ammonium 
hexafluorophosphate and washed with water and ether. The red solid obtained was dissolved in 
MeOH, filtered to remove undissolved materials and added to aqueous ammonium 
hexafluorophosphate. The MeOH was removed by rotary evaporation and the dark red needles of 
Ru(bDMAP)(bpy)(OH2)(PF6)2•1.5H2O formed were filtered and washed with cold water and 
ether. Yield: 589 mg, 60%. Anal. Found (Calc.) for C21H32F12N5O2.5P2Ru: C, 32.10 (32.11); N, 
8.90 (8.92); H, 4.03 (4.11). 1H NMR (CD3CN, as Ru(bDMAP)(bpy)(CD3CN)2+): δ 9.49 (d, 1H), 
8.55 (d, 1H), 8.51 (d, 1H), 8.10-8.14 (dt, 1H), 8.05-8.09 (dt, 1H), 7.98-8.02 (t, 1H), 7.93 (d, 1H), 
7.75-7.78 (dt, 1H), 7.64 (d, 2H), 7.47-7.51 (dt, 1H), 4.11 (d, 2H, H CH2(1), H CH2(2)), 3.92 (d, 
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2H, H CH2(2), H CH2(1)), 2.36 (s, 6H, 3H CH3(1), 3H CH3(2)), 1.49 (s, 6H, 3H CH3(2), 3H 
CH3(1)). 
Ru(bDMAP)(MeIm-py)(OH2)(PF6)2•0.5H2O. Ru(bDMAP)Cl3 (250 mg, 0.63 mmol) and 
MeIm-py+PF6- (191 mg, 0.63 mmol) were suspended in ethyleneglycol and degassed by bubbling 
argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 150 ºC for 
3 hours. The product was isolated by addition of aqueous ammonium hexafluorophosphate and 
washed with water and ether and air-dried. Yield: 290 mg, 60%. Anal. Found (Calc.) for 
C20H31F12N6O1.5P2Ru: C, 31.11 (31.18); N, 12.02 (10.91); H, 4.02 (4.06). 1H NMR (CD3CN, as 
Ru(bDMAP)(MeIm-py)(CD3CN)2+): δ 9.29 (d, 2H), 8.01 (d, 1H), 7.96 (d, 1H), 7.79-7.82 (t, 1H), 
7.50-7.53 (t, 1H), 7.44 (d, 2H), 6.48 (s, 1H), 3.95 (d, 2H, H CH2(1), H CH2(2)), 3.89 (d, 2H, H 
CH2(2), H CH2(1)), 3.81 (s, 3H, CH3, MeIm-py), 2.26 (s, 6H, 3H CH3(1), 3H CH3(2)), 1.67 (s, 
6H, 3H CH3(2), 3H CH3(1)). 
trans-Ru(bDMAP)(Mebim-py)(OH2)(PF6)2•2H2O. Ru(bDMAP)Cl3 (250 mg, 0.63 mmol) 
and Mebim-py+I- (212 mg, 0.63 mmol) were suspended in ethyleneglycol and degassed by 
bubbling argon. Triethylamine (1.0 mL) was added with a syringe and the mixture was heated at 
150 ºC for 3 hours. The product was isolated by addition of aqueous ammonium 
hexafluorophosphate and washed with water and ether and air-dried. Yield: 281 mg, 55%. Anal. 
Found (Calc.) for C24H36F12N6O3P2Ru: C, 33.92 (34.01); N, 9.83 (9.92); H, 4.19 (4.28). 1H NMR 
(CD3CN, as Ru(bDMAP)(MeIm-py)(CD3CN)2+): δ 9.29 (d, 1H), 8.46 (d, 1H), 8.23-8.26 (m, 1H), 
8.15-8.20 (dt, 1H), 7.97-8.00 (t, 1H), 7.62 (d, 2H), 7.50-7.58 (m, 4H), 4.22 (d, 2H, H CH2(1), H 
CH2(2)), 3.93 (d, 2H, H CH2(2), H CH2(1)), 3.34 (s, 3H, CH3, Mebim-py), 2.36 (s, 6H, 3H 
CH3(1), 3H CH3(2)), 1.77 (s, 6H, 3H CH3(2), 3H CH3(1)). 
 
RESULTS 
Generic structures of the catalysts synthesized are illustrated in Figure 2.1.  These complexes 
include the previously reported 2,2′:6′,2′′-terpyridine (tpy) complexes,8 along with acetylactonate 
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(acac)20 and carbene derivatives, a series of complexes based on the terdendate ligand 2,6-bis(1-
methylbenzimidazol-2-yl)pyridine (Mebimpy), and a series of complexes of the type 
Ru(bDMAP)(NY)(OH2)2+ [bDMAP = 2,6-bis[(dimethylamino)methyl]pyridine;15 NY = 2,2′-
bipyridine (bpy), 3-methyl-1-pyridylimidazol-2-ylidene (MeIm-py), and 3-methyl-1-
pyridylbenzimidazol-2-ylidene (Mebim-py); see Figure 2.1].  A special cases exists for 
Ru(Mebimpy)(4,4′-(CH2PO3H2)2bpy)(OH2)2+ [4,4′-(CH2PO3H2)2bpy = 4,4′-bis(methylphosphonic 
acid)-2,2′-bipyridine] because phosphonic acid derivatization imparts aqueous stability upon 
binding to metal oxide surfaces in acidic or neutral environments. 
 
 
Figure 2.1.  Single-site water oxidation catalysts that were studied in this work. 
 
 The synthesis and characterization of the series [Ru(tpy)(LL)(OH2)]
n+ (with LL = bpy, bpm, 
bpz, and acac) were described previously.8,18,20,21  The synthesis of the series 
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[Ru(Mebimpy)(LL)(OH2)]
n+ (with LL = bpy, bpm, bpz, and acac) was accomplished by 
procedures similar to those used for the corresponding tpy complexes.8,18,21  They involved 
isolation of [Ru(Mebimpy)(LL)(Cl)]n+ followed by replacement of the chloro ligand assisted by 
added silver triflate in water, trifilic acid in dichloromethane, or in neat triflic acid.  The trans-
[Ru(tpy)(NC)(OH2)]2+, trans-[Ru(Mebimpy)(NC)(OH2)]2+, and trans-[Ru(bDMAP)(NC)(OH2)]2+ 
[NC = MeIm-py, Mebim-py, and 3-methyl-1-pyrazylbenzimidazol-2-ylidene (Mebim-pz)] series 
was obtained by reaction of the monocationic carbene precursors with Ru(tpy)Cl3,13 
Ru(Mebimpy)Cl3,21 or Ru(bDMAP)Cl315 in ethylene glycol at 150 °C in the presence of NEt3 or 
by the reaction of [Mebim-py]+ with [Ru(tpy)Cl]2Cl2 in 1:1 EtOH/H2O in the microwave at 
165 °C for trans-[Ru(tpy)(Mebim-py)(OH2)]2+.  In these cases, aqua complexes rather than chloro 
complexes were obtained because of the trans-labilizing effect of the carbene on chloride ligand 
loss, with the trans isomer being the only isolated product starting from the Ru(LLL)Cl3 salts.  
Reacting the intermediate [Ru(NCCH3)4(Mebim-py)]2+ with 2,2′:6′,2′′-terpyridine, however, gave 
a 1:1 mixture of the cis and trans isomers.  [Ru(Mebimpy)(4,4′-(CH2PO3H2)2bpy)(OH2)]2+ was 
prepared by modification of the procedure used to synthesize [Ru(Mebimpy)(bpy)(OH2)]2+, with 
an extra step required to hydrolyze the phosphonate ester groups.  [Ru(bDMAP)(bpy)(OH2)]2+ 
was prepared following a literature procedure.15   
All complexes were characterized by 1H NMR, elemental analysis, UV/visible absorption 
spectroscopy, and cyclic voltammetry (see Appendix A).  The 1H NMR of the 1:1 mixture of the 
the cis and trans isomers of [Ru(Mebimpy)(bpy)(OH2)]2+ is shown in Figure 2.2.  These isomers 
were easily separated on a Sephadex LH-20 column eluting with MeOH/0.1 M HCl, and the 1H 
NMR spectra of each isomer are also shown in Figure 2.2.  All water oxidation studies were done 
using the trans isomer. 
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Figure 2.2.  1H NMR spectra of (top) cis- and trans-[Ru(tpy)(Mebimpy)(CD3CN)]2+ reaction mixture in 
CD3CN, (middle) cis-[Ru(tpy)(Mebimpy)(CH3CN)]2+.  in D2O, and (bottom) trans-
[Ru(tpy)(Mebimpy)(H2O)]2+ in MeOD. 
 
 The crystal structures of the trans-[Ru(tpy)(Mebim-py)(OH2)]2+  and cis-[Ru(tpy)(Mebim-
py)(NCCH3)]2+ cations are shown in Figure 2.3.  Notable features in the structures are the 
relatively short Ru–C distances (1.943 Å trans, 1.997  Å cis) indicative of multiple Ru–C 
bonding and the longer Ru–O distance (2.183 Å) for the trans complex, compared to those of 
[Ru(tpy)(bpy)(OH2)]2+ (2.146 Å)22 and [Ru(tpy)(phendione)(OH2)]2+ (2.127 Å; phendione = 1,10-
phenanthroline-5,6-dione).23  The labilizing effect of the carbene in the trans isomer might play 
an important role in the oxygen evolution step in the water oxidation catalytic cycle. 
 
Figure 2.3.  ORTEP structure at the 30% probability level of trans-[Ru(tpy)(Mebimpy)(OH2)]2+  cation as 
the ClO4- salt (right) and cis-[Ru(tpy)(Mebimpy)(CH3CN)]2+  cation as the PF6- (left).  H-atoms omitted for 
clarity. 
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 Representative cyclic voltammograms (CVs) for the series [Ru(Mebimpy)(LL)(OH2)]2+ (LL = 
bpy, bpm, bpz) and for[Ru(bDMAP)(bpy)(OH2)]2+ and trans-[Ru(tpy)(Mebim-py)(OH2)]2+ in 0.1 
M HNO3 and for [Ru(tpy)(acac)(OH2)]+ are shown in Figures 2.4 and 2.5.  CVs were taken using 
a glassy carbon working electrode with a Ag/AgCl (3 M NaCl) reference (0.207 V vs. NHE) and 
a platinum mesh counter electrode in buffered aqueous solutions.  In these CVs, E0′ values for the 
[RuIII(Mebimpy)(LL)(OH/OH2)]2+/3+/[RuII(Mebimpy)(LL)(OH2)]2+ and 
[RuIV(Mebimpy)(LL)(O)]2+/[RuIII(Mebimpy)(LL)(OH/OH2)]2+/3+ couples vary systematically 
through the series from 0.82 to 1.13 V vs NHE for the RuIII/II couple and from 1.24 to 1.48 V vs 
NHE for the RuIV/III couple.   
 
 
Figure 2.4.  Representative cyclic voltammograms for monomeric catalysts in 0.1 M HNO3 with 1.0 mM 
complex with a glassy carbon working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
CVs were taken with a scan rate of 10 mV/s and potentials are reported vs NHE. 
 
Both waves are pH dependent with the expected Nernstian behavior. For the representative 
complex [RuII(Mebimpy)(bpy)(OH2)]2+, the 
[RuIII(Mebimpy)(bpy)(OH2)]3+/[RuII(Mebimpy)(bpy)(OH2)]2+ couple is pH independent until the 
pKa of [RuIII(Mebimpy)(bpy)(OH2)]3+ is reached at pH = 2.1. The potential for the 
[RuIV(Mebimpy)(bpy)(O)]2+/[RuIII(Mebimpy)(bpy)(OH2)]3+  couple decreases by 118 mV/pH unit 
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with increasing pH consistent with a 1e-/2H+ couple. Past pH = 2.1, the couples become 
[RuIII(Mebimpy)(bpy)(OH)]2+/[RuII(Mebimpy)(bpy)(OH2)]2+  and 
[RuIV(Mebimpy)(bpy)(O)]2+/[RuIII(Mebimpy)(bpy)(OH)]2+  and  E1/2 values decrease with slopes 
of 59 mV/pH unit (Figure 2.6).  Plots of E1/2 vs. pH for trans-[Ru(tpy)(Mebim-py)(OH2)]2+ and 
[Ru(tpy)(bpy)(OH2)]2+ can be found in Appendix A. 
 
 
Figure 2.5.  Cyclic voltammograms for [Ru(tpy)(acac)(OH2)]+ in 0.1 M HNO3 with 1.0 mM complex using 
a glassy carbon working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  CVs show 
increasing catalytic current with slower scan rates. 
 
 
Figure 2.6.  Plots of E1/2 vs pH for the RuIII/II, RIV/III, and RuV/IV couples of [Ru(Mebimpy)(bpy)(OH2)]2+ at 
a glassy carbon working electrode with I = 0.1 M and a scan rate of 100 mV/s. 
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For the entire series of synthesized complexes E0′ values for the RuIII/II and RuIV/III couples 
vary from 0.51 to 1.18 V vs NHE and from 0.74 to 1.54 V vs NHE, respectively (Tables 2.1 and 
2.2) depending on the ligand environments.  An additional RuV/IV ligand-dependent wave appears 
as a shoulder from ~1.40 to ~1.72 V vs NHE at the onset of a catalytic water oxidation wave.  
Electrocatalytic water oxidation waves well above the background appear for all complexes past 
1.3 V vs. NHE. 
All complexes were screened as catalysts for net water oxidation by CeIV, 2H2O + 4Ce4+  O2 
+ 4H+ + 4Ce3+, by adding 30 equivalents of CeIV to solutions 5.1 x 10-5 M in complex in 0.1 M 
HNO3.  In these experiments, loss of CeIV was monitored spectrophotometrically at 360 nm, on 
the shoulder of λmax = 318 n for CeIV, ε = 3070 M-1cm-1.  In all cases, complete CeIV consumption 
was observed on time scales from <100 to 20,000 s. 
 
Table 2.1.  Water Oxidation Rate Constants and E1/2 (V vs NHE) Values for the RuIII/II, RuIV/III, and 
RuV/IV Couples in the Series [Ru(tpy)(LL)(OH2)]n+ in 0.1 M HNO3a 
 
LL 
 
RuIII/II 
 
RuIV/III 
 
RuV/IV 
kO–O or 
k4 (s-1) 
k2 or k5 
(M-1s-1) 
 
t1/2 (s-1) 
bpy 1.01 1.19 1.60 1.9 x 10-4  3650 
bpm 1.12 <1.12 1.65 7.5 x 10-4  925 
bpz 1.22 <1.22 1.69 1.4 x 10-3  495 
Mebim-py 1.11 1.49 1.70  33 410 
Mebim-pz 1.18 1.54 1.72  170 80 
acac 0.51 1.14 1.58 5.0 x 10-4 515 1390, 26 
 
aHalf-times (t1/2) for net CeIV consumption with [CeIV] = 1.5 x 10-3 M and [Ru(OH2)]2+ = 5.1 x 10-5 M at 23 
± 2 °C.  Only 2e- RuIV=O2+ /RuII-OH22+ couples are observed for [Ru(tpy)(LL)(OH2)]n+ (LL = bpm, bpz). 
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Table 2.2.  As in Table 1 for the Series [Ru(LLL)(bpy)(OH2)]2+ 
 
LLL 
 
RuIII/II 
 
RuIV/III 
 
RuV/IV 
kO–O or 
k4 (s-1) 
k2 or k5 
(M-1s-1) 
 
t1/2 (s-1) 
tpy 1.01 1.19 1.60 1.9 x 10-4  3650 
Mebimpy 0.82 1.29 1.67  52 260 
bDMAP 0.54 0.88 1.40  4.1 3315 
 
For the series [Ru(tpy)(LL)(OH2)]
n+ (Table 2.1; LL = bidentate ligand) and 
[Ru(LLL)(bpy)(OH2)]2+ (Table 2.2; LLL = tpy, Mebimpy, or bDMAP) in 0.1 M HNO3, 
absorbance – time measurements with CeIV in 30 X excess revealed two types of behavior.  In 
one, the rate law was first-order in complex, added initially as RuII(OH2)
n+ and zero-order in CeIV.  
The initial oxidation to RuIV=On+ is rapid.  On the basis of Scheme 2.1, this behavior is consistent 
with either rate-limiting RuV=O(n+1)+ oxo attack on H2O, kO–O, or rate-limiting O2 loss from 
RuIV(OO)n+, k4.  The latter is rate-limiting for [Ru(tpy)(bpm)(OH2)]2+- and [Ru(tpy)(bpz)(OH2)]2+-
catalyzed water oxidation.8  In the second type of behavior, the rate law was first-order in 
[RuII(OH2)
n+] and first-order in CeIV.  This limit is consistent with either rate-limiting oxidation of 
RuIV=On+ to RuV=O(n + 1)+, k2 in Scheme 2.1, or rate-limiting oxidation of RuIV(OO)
n+, k5.  
Evidence for an additional pathway second-order in complex was obtained at high concentrations 
of complex.  [Ru(tpy)(acac)(OH2)]+ is a special case.  Both first- and zero-order pathways in CeIV 
compete in 0.1 M HNO3, with the first-order pathway dominating early in the catalytic cycle and 
the zero-order pathway dominating as CeIV is depleted. 
For representative complexes [Ru(tpy)(bpm)(OH2)]2+, [Ru(tpy)(Mebim-py)(OH2)]2+, 
[Ru(tpy)(Mebim-pz)(OH2)]2+, and [Ru(Mebimpy)(bpy)(OH2)]2+, oxygen evolution was measured 
by use of an O2 electrode.  The oxygen evolution trace vs. time vs. TON for 
[Ru(Mebimpy)(bpy)(OH2)]2+ is shown in Figure 2.7 and the oxygen evolution traces for the other 
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three complexes are in Appendix A.  In all cases, the expected amount of oxygen, 7.5 equiv/30 
equiv of CeIV, was observed, showing that water oxidation is quantitative for these cases. 
 
 
Figure 2.7.  Oxygen evolution/number of turnovers vs time plot for the addition of 30 equivalents of Ce IV 
to 8.0 mL of 1.0 x 10-3 M [Ru(MEbimpy)(bpy)(OH2)](OTf)2 in 0.1 M HNO3 at 298 K. 
 
DISCUSSION 
Synthesis of the complexes was straightforward following literature preparations or with 
modifications to the preparations of similar complexes, generally starting with the Ru(LLL)Cl3 
salts and reacting these with a variety of bidentate ligands.  Conditions for [Ru(tpy)(Mebim-
py)(OH2)]2+ were harsh (high temperature ethylene glycol) and required precipitation as the PF6- 
salt for isolation.  This led to later solubility issues and less than desired yields.  Attempts to find 
a more mild approach to the synthesis of this complex led to the formation of the mixture of trans 
and cis isomers.  The cis isomer appears to be the kinetic product, as no evidence by 1H NMR 
was seen of this species starting from Ru(tpy)Cl3 with the high-temperature route.  Unfortunately, 
the ratio of cis to trans could not be improved to be greater than 1:1, leading to low isolated 
yields of cis-[Ru(tpy)(Mebim-py)(OH2)]2+.  Due to poor yields, this complex was not tested for 
water oxidation and studies focused instead on trans-[Ru(tpy)(Mebim-py)(OH2)]2+. 
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Tables 2.1 and 2.2 present E1/2 values for RuIII/II, RuIV/III, and RuV/IV couples as well as rate 
constants for the rate limiting steps in water oxidation catalysis by the series 
[Ru(tpy)(LL)(OH2)]
n+ and [Ru(LLL)(bpy)(OH2)]2+.  For comparisons among catalysts having 
different rate-limiting steps, the half times, t1/2, for consumption of CeIV, with [CeIV] = 1.5 x 10-3 
M initially and [Ru(OH2)
n+] = 5.1 x 10-5 M, are also reported.  General trends emerge from the 
data in Tables 2.1 and 2.2.  For the RuV/III couples, of relevance in the O—O bond-forming step 
(kO–O in Scheme 2.1), E1/2(RuV/III) = 1/2[(E1/2(RuV/IV) + E1/2(RuIV/III)], is dictated largely by the 
RuIV/III couple.  This couple is highly tunable, ranging from 1.54 to 0.88 V vs. NHE, because of 
its sensitivity to the σ-donor and π-acceptor properties of the ligands with the propensity for σ-
donor ligands to stabilize higher oxidation states and π-acceptor ligands in stabilizing RuII.20,24  
Ligand variations also influence the pKa’s of RuIIIOH23+ and RuIIOH22+, which, in turn, affect the 
redox potentials due to the pH dependence of the RuIII/II and RuIV/III couples.  The RuV/III couple is 
pH dependent based on the described pH dependent behavior of the RuIV/III as shown in the E1/2 vs 
pH diagrams (Figure 2.6 and Figures S13 and S14 in Appendix A). 
 
CONCLUSIONS 
 Our observations are remarkable in pointing to the generality of water oxidation catalysis by 
single-site ruthenium complexes.  Water oxidation appears to occur by a common mechanism 
utilizing PCET oxidation of RuII(OH2)2+ to RuIV=O
n+, followed by further oxidation and oxo 
transfer from RuV=O(n + 1)+ to H2O to give RuIIIOOH
n+.  The O—O bond-forming reaction is 
reminiscent of well-documented oxygen-atom transfer to sulfides, sulfoxides, phosphines, and 
olefins by Ru(bpy)2(py)(O)2+ and Ru(tpy)(bpy)(O)2+.25  Water oxidation catalysis appears to be 
general for polypyridyl aqua complexes with coordinated H2O, which have oxidatively stable 
ligands, the ability to reach higher oxidation state Ru=O intermediates, and the driving force to 
carry out the reaction. 
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CHAPTER 3 
First-Row Transition Metal Complexes of Multi-Dentate Ligands for Water Oxidation Catalysis 
 
INTRODUCTION 
The previous chapter details the importance of robust and highly active catalysts for the water 
oxidation aspect of solar fuels production.  Research on single-site catalysts has been dominated 
by polypyridyl complexes of Ru where proton-coupled electron transfer (PCET) oxidative 
activation from RuII-OH2 to RuV=O provides entry into catalytic cycles involving intermediate 
peroxide formation and further oxidation.  Studies on Ru complexes have been insightful in 
revealing mechanistic details,1-4 the impact of systematic ligand variations,5,6 and new 
pathways.7,8 Using this as a basis, it would be advantageous to extend this chemistry to first-row 
transition metal complexes as they are more earth abundant.   
 
 
Figure 3.1.  Penta-coordinate ligand sets featuring polypyridyl and carbene moieties synthesized in the 
literature that provide stable architectures for first-row transition metals. 
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Some progress has been made in this area, notably with organometallic and coordination 
complexes of Co9 and more recently for a series of coordination complexes of Fe.10 However, 
molecular catalysts from the first-row transition series are rare, and the mechanistic details of 
such catalysts are obscure.10,11 Further, reports of monomeric catalysts are often exaggerated, and 
no well-defined mechanisms or characterization of single-site first-row transition metal water 
oxidation catalysts are known.  This is due to complications that arise from substitutional lability, 
paramagnetism preventing NMR characterization, and unstable higher oxidation states leading to 
ligand loss and decomposition. The most successful strategies for coordination stabilization are 
based on pentadentate coordinating polypyridyl ligands such as PY5R212,13 and PY4Im14 (Figure 
3.1).  
We report here the synthesis and characterization of a series of first-row transition metal 
complexes of Fe, Co, Ni, and Cu with the multi-dentate ligand 1,3-bis(di(2-pyridyl)methyl)-1H-
benzimadazol-2-ylidene (PY4bim) and the Fe and Cu complexes of 2,6-bis(1,1-di(2-
pyridyl)ethyl)pyridine (PY5Me2) (Figure 3.2), as well as the first reported electrochemical studies 
done in aqueous environments.  Specifically, electrochemical studies of [Fe(PY4bim)(OH2)](Cl)2 
(1, Figure 3.2) were performed to investigate the efficacy of 1 as a monomeric, single-site catalyst 
for water oxidation. 
 
Figure 3.2.  Ligand architectures and metal complexes studied in this report.  Complexes 1 – 4 are new 
complexes, while 5 and 6 have been previously synthesized, albeit without aqueous electrochemical 
characterization. 
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EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. Nitric acid (Trace Metal Grade, 70%) was purchased from Fisher Scientific. 
2-picoline, 2-fluoropyridine, N-bromosuccinimide, and benzimidazole were purchased from 
Aldrich and used as received. 2,2′-(bromomethylene)dipyridine15,16, 2,6-bis(di(pyridin-2-
yl)methyl)pyridine (PY5Me2)17, and M(PY5Me2)2+ complexes12,13 were synthesized according to 
literature procedures. All other reagents were ACS grade and used without additional purification. 
UV/vis absorption spectra were recorded on an Agilent Technologies Model 8453 diode-array 
spectrophotometer. Electrochemical measurements were performed on a CH Instruments model 
660D potentiostat/galvanostat. Voltammetric measurements were made with a planar CHI104 3 
mm glassy carbon working electrode or a 3×1 cm glass slide with a conductive fluoride-doped tin 
oxide (FTO) coating, a platinum wire CHI115 counter electrode, and a Ag/AgCl CHI111 
reference electrode (3 M NaCl, 0.207 V vs. NHE).  Mass spectra were collected by injection ESI 
(electrospray ionization) on a Bruker Daltonics, Inc., Billerica, MA, USA, BioToF Mass 
Spectrometer.  1H NMR spectra were recorded on Bruker Avance 400 MHz or Bruker 600 MHz 
spectrometers. 
Synthesis and characterization. 
1,3-bis(di(2-pyridyl)methyl)-benzimadazolium Bromide [PY4bim](Br). A solution of 2,2′-
(bromomethylene)dipyridine (4.93 g, 0.020 mol) and benzimidazole (1.17 g, 0.010 mol) in 
acetonitrile (30 mL) was degassed with Ar.  To the reaction was added triethylamine (1.01 g, 
0.010 mol), and the reaction was heated at reflux overnight.  After allowing the reaction mixture 
to cool to room temperature, acetone (100 mL) was added, and a tan solid precipitated.  The solid 
was filtered and washed with acetone and Et2O. Yield: 2.36 g (44%). 1H NMR (CD3OD, 300 
MHz): δ 10.40 (s, 1H), 8.58 (d, 4H), 8.02–8.10 (m, 2H), 7.89–7.98 (td, 4H), 7.62–7.71 (m, 8H), 
7.40–7.48 (m, 4H). 
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General procedure for [M(PY4bim)Cl]Cl. [PY4bim](Br) (1.0 g, 1.9 mmol) was suspended 
in anhydrous CH2Cl2 (20 mL) and the reaction was degassed with Ar. Triethylamine (0.19 g, 1.9 
mmol) was added to the suspension, and the solid dissolved immediately to generate a clear, 
yellow solution.  A solution of MCl2 (1.9 mmol, M = Fe, Co, Ni, or Cu) in anhydrous MeOH (5 
mL) was then added.  
[Fe(PY4bim)Cl]Cl. The reaction was heated at 40 °C for 2 h after addition of anhydrous 
FeCl2.  Upon cooling, a deep red, crystalline solid precipitated from the reaction mixture. This 
solid was filtered and washed with Et2O. Yield: 753 mg, (68%). 1H NMR (CD3OD/D2O, 400 
MHz as [Fe(PY4bim)(OD2)]2+): δ 9.59 (d, 4H), 8.11 (dd, 2H), 7.98 (d, 4H), 7.90 (d, 4H), 7.88 (s, 
2H), 7.51 (dd, 2H), 7.45 (t, 4H).  HR-ESI-MS: m/z = 545.091+, [M + Cl]1+ = 545.0875 
[Co(PY4bim)Cl]Cl.  The reaction was stirred at room temperature for 2 h. after which time 
Et2O (40 mL) was added, and a yellow solid precipitated from solution.  The solid was filtered 
and washed with Et2O.  Yield: 516 mg, (44%).  1H NMR (CD3CN, 400 MHz as 
[Co(PY4bim)(CD3CN)]2+): δ 9.64 (d, 4H), 8.35 (dd, 2H), 8.02–8.11 (m, 8H), 7.98 (s, 2H), 7.76 
(dd, 2H), 7.61 (t, 4H).  HR-ESI-MS: m/z = 256.562+ = 513.121+, [M]2+ = 513.1238 
[Ni(PY4bim)Cl]Cl.  NiCl2·6H2O was used as the Ni2+ source. Following its addition, the 
reaction was stirred at 40 °C overnight.  The reaction mixture was allowed to cool before being 
filtered. The filtrate was then taken to dryness on a rotary evaporator.  The residue was dissolved 
in H2O, and a concentrated aqueous NH4PF6 solution was added to precipitate the yellow-green 
product as [Ni(PY4bim)(OH2)](PF6)2.  The solid was filtered and washed with H2O and Et2O.  
Yield: 449 mg (29 %).  1H NMR (CD3CN, 400 MHz as [Ni(PY4bim)(CD3CN)]2+) shows broad, 
contact-shifted resonances in the range of ~40 – 58 ppm. ).  HR-ESI-MS: m/z = 531.121+, [M + 
F]1+ = 531.1005, m/z = 547.091+, [M + Cl]1+ = 547.0710, m/z = 591.041+, [M + Br]1+ = 591.0224. 
[Cu(PY4bim)Cl]Cl.  The reaction was stirred at room temperature for 2 h after which time a 
light blue solid precipitated.  The solid was filtered and washed with Et2O.  Yield: 305 mg, 
(27%). 
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RESULTS 
The pentadentate polypyridyl ligand, 1,3-bis(di(2-pyridyl)methyl)-benzimadazolium bromide 
([PY4bim](Br)), was synthesized by a procedure similar to one reported for an imidazole-based 
derivative.14  2,2′-(bromomethyl)dipyridine was reacted with 0.5 equivalents each of 
benzimidazole and triethylamine in acetonitrile to generate the pentadentate ligand [PY4bim](Br) 
as the imidazolium salt.  This high-yield reaction was performed in one pot without isolating a 
mono-substituted benizimadazole intermediate, in contrast to the procedure reported for the 
imidazole derivative (Figure S1 in Appendix B).14 
Metallation of the carbene precursor was accomplished by first generating the free carbene 
with triethylamine and [PY4bim](Br) in anhydrous dichloromethane.  A solution of the chloride 
salt of the desired metal in anhydrous methanol was then added to afford complexes 1 – 4 (Figure 
3.2).  Depending on the nature of the reaction, metallation occurred readily (2 h, room 
temperature for 1 and 2) or required more harsh conditions (overnight, heat for 3 and 4).  All 
complexes were characterized by UV/vis absorption spectroscopy (Figure 3.3) and mass 
spectrometry.  The UV/vis absorption spectra of the complexes in methanol show strong 
absorptions in the UV region of the spectrum with much weaker transitions in the visible region 
for 2, 3, and 4.  Complex 1, however, has strong absorptions in the visible region due to MLCT 
transitions from the low-spin (ls) FeII center. 
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Figure 3.3.  UV/vis spectra of 1 ([Fe(PY4bim)Cl]+, red), 2 ([Co(PY4bim)Cl]+, blue), 3 ([Ni(PY4bim)Cl]+, 
green), and 4 ([Cu(PY4bim)Cl]+, pink) in MeOH.  1 shows strong MLCT absorptions while the spectra for 
2 – 4 consist of a strong absorption ~275 nm. 
 
1H NMR spectra were also obtained of 1, 2, and 3.  The spectrum of 1 consists of six distinct 
signals in the aromatic region for the polypyridyl ligand (Figure 3.4).  The 1H NMR is sharp and 
in the normal region (~10 – 7 ppm for aromatic 1H) in both CD3CN and D2O suggesting the 
strong-field pentadentate ligand enforces ls FeII regardless of the ligand in the sixth coordination 
site (CD3CN, D2O, or Cl).  It is important to note that the solvent readily replaces the sixth-
coordinate ligand as can be seen by the 1H NMR in CD3CN that shows two down-field doublets, 
indicating two different species in solution (Figure S2 in Appendix B).  These are likely the OH2 
and CD3CN-coordinate isomers.  In D2O where only one isomer is present, the benzimidazole 
protons appear as two, four-line patterns at 8.5 and 7.5 ppm.  The Csp3 proton (bridging the two 
pyridine rings and the central benzimidazole) also appears downfield in the aromatic region at 
7.85 ppm as a singlet. 
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Figure 3.4.  1H NMR spectrum of 1 in D2O/MeOD as [Fe(PY4bim)(OD2)]2+ with CD3OD added to 
increase the solubility of 1. 
 
Shockingly, 2 also displays a 1H NMR that is sharp and in the normal region (~10 – 7 ppm) 
for aromatic protons (Figure 3.5) despite containing a paramagnetic metal center.   There is also a 
smaller set of signals, clearly seen by the second doublet at 9.85 pm that mirrors the doublet at 
9.65 ppm.  Again the second set is likely due to a competition between OH2 and CD3CN binding 
at the open, sixth coordination site.  Otherwise, the spectrum looks similar to that for 1. Complex 
3 shows broad and contact shifted signals ranging from -20 to 60 ppm in the 1H NMR spectrum, 
consistent with what is reported in the literature for the imidazole derivative.14   
 
Figure 3.5. 1H NMR spectrum of 2 in CD3CN as a mixture of [Co(PY4bim)(OH2)]2+ and 
[Co(PY4bim)(CD3CN)]2+.  In order to take the 1H NMR in CD3CN, the Cl- salt of 2 was dissolved in H2O 
and precipitated with NH4PF6, giving [Co(PY4bim)(OH2)](PF6)2. 
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Crystals suitable for X-ray diffraction were grown of 1 and 3 by slow diffusion of diethyl 
ether into acetonitrile solutions of 1 and 3 (Figure 3.6).  Selected bond distances and angles for 
these two complexes are shown in Table 3.1.  Both complexes are six-coordinate in the solid state 
with five coordination sites occupied by the pentadenate carbene ligand and the remaining site 
filled with a solvent molecule for 1 and bromide for 3.  Of note for each of the two complexes are 
the short M–C(9) bonds (~1.9 Å for each complex, Table 3.1), which are among the shortest M – 
NHC bond distances known and compare well with the corresponding imidazole complexes 
reported in the literature.14  The other M–N distances are not exceptional, and each pyridine N is 
at similar distance from the metal center.  A noteworthy difference between the two complexes is 
that the Ni atom sits slightly out of the PY4 plane compared to the Fe atom, which sits in the PY4 
plane.  Similar structural trends were also observed for the PY5 ligand derivatives. 
N1
C1
C2
N2
Fe1
C9N3
Ni1
Br1
N2
N3 C9
1 3
 
Figure 3.6.  X-ray structure at the 30% probability level of 12+ as the PF6- salt (left) and 32+ as the Br- salt 
(right).  H-atoms omitted for clarity. 
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Table 3.1.  Select Bond Distances and Angles for the Crystal Structures of 1 and 3. 
Bond distance/angle     1 [Fe(PY4bim)(NCCH3)]2+ 3 [Ni(PY4bim)Br]+ 
  M1 – N1/Br1 1.981(4) 2.459(4) 
  M1 – N2 2.026(2) 2.192(3) 
  M1 – C9 1.844(4) 1.929(3) 
   
  C9 – M1 – N1/Br1 180.000(1) 178.68(2) 
  C9 – M1 – N2 92.38(5) 85.71(4) 
   
 
Cyclic voltammograms (CVs) of 1 – 4 (1 mM complex in buffered aqueous solutions of 0.1 M 
HNO3 (pH = 1) and 0.1 M phosphate buffer (pH = 7)) were performed using a glassy carbon 
working electrode (reference = Ag/AgCl (3 M NaCl, 0.207 V vs. NHE), counter = Pt mesh).  At 
pH 1, complexes 1, 3, and 4 each exhibit a reversible oxidation with E1/2 ~ 1.1 V vs. NHE (Figure 
3.7).  The cathodic and anodic peaks are separated by >200 mV and do not shift as the metal is 
changed from Fe to Ni to Cu.  Shown for reference is the oxidation of [PY4bim](Br) in the 
absence of any metal in pH 1 (black line) suggesting that in 0.1 M HNO3 de-metallation and 
protonation of the ligand occur, leading to mostly free ligand in solution.  The oxidation of the 
ligand is reversible with E1/2 = 1.15 V vs. NHE and a large peak-to-peak separation, similar to 
those observed for 1, 3, and 4 at pH = 1.  A CV of 2 at pH = 1 shows a reversible couple at 0.1 V 
vs. NHE for the oxidation [CoIII(PY4bim)(OH2)]3+/[CoII(PY4bim)(OH2)]2+ followed by another 
oxidation at 1.1 V similar to the other complexes.  This suggests the Co in 2 may be less labile 
than Fe, Ni, or Cu with respect to protonation or loss of ligand in 0.1 M HNO3. 
CVs of 1 – 4 at pH 7 (0.1 M phosphate buffer) show metal-dependent behavior (Figure S3 in 
Appendix B).  Complexes 1 – 3 show reversible [MIII(PY4bim)(OH2)]3+/[MII(PY4bim)(OH2)]2+ 
couples that vary drastically depending on the metal (0.27 V for 2, 0.59 V for 1, 0.81 V for 3).  
The Cu complex, 4, does not show any reversible electrochemistry over the potential range 
studied. For complexes 1 – 3, following the [MIII(PY4bim)(OH2)]3+/[MII(PY4bim)(OH2)]2+ redox 
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event, each complex shows a further, irreversible oxidation that is then followed by significant 
current above the glassy carbon background current (Figure S3 in Appendix B).  For complex 3, 
upon scanning into this catalytic current, a film quickly forms on the glassy carbon electrode 
surface that is visible to the naked eye.  Subsequent scans show an increase in current with each 
sweep into the catalytic current, indicating film growth.  Films of Co are known to form 
electrochemically by oxidative cycling and have been shown to electrocatalytically oxidize 
water,18,19 likely the cause of the film formation and catalytic activity seen here for complex 3. 
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Figure 3.7.  Representative cyclic voltammograms for 1 ([Fe(PY4bim)(OH2)]2+, green), 2 
([Co(PY4bim)(OH2)]2+, pink), 3 ([Ni(PY4bim)(OH2)]2+, red), 4 ([Cu(PY4bim)(OH2)]2+, blue), and 
[PY4bim](Br) (black) in 0.1 M HNO3 with 1.0 mM complex with a glassy carbon working electrode, 
Ag/AgCl reference electrode, and Pt counter electrode.  CVs were taken with a scan rate of 100 mV/s and 
potentials are reported vs. NHE. 
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Figure 3.8.  Cyclic voltammograms of 6 at 100 mV/s (green), 50 mV/s (blue), 25 mV/s (red), and 10 mV/s 
(black) in 0.1 M phosphate buffer (pH = 7.5) with 1.0 mM complex with a glassy carbon working 
electrode, Ag/AgCl reference electrode, and Pt counter electrode.  Potentials are reported vs. NHE. 
 53 
 
We also explored the aqueous electrochemistry of two related complexes (5 and 6) that had 
previously been characterized only in organic solvents.  Given that the related Co complex 
[Co(PY5OMe2)(OH2)]2+ containing the pentadenate polypyridyl ligand is a known water 
oxidation catalyst,11 we wanted to explore the efficacy of water oxidation by the related Fe and 
Cu complexes.  CVs of 5 in 0.1 M phosphate buffer (pH = 7.8) show a reversible 
[FeIII(PY5Me2)(OH)]2+/[FeII(PY5Me2)(OH2)]2+ couple at 0.42 V vs. NHE followed by an 
additional skewed, quasi-reversible oxidation at 1.21 V vs. NHE.  Unlike the (PY4bim)Fe-
derivative, 1, additional current above the background is not observed.  Changing the scan rate 
did not show increased current at slower scan rates (after normalization), further indication that 
the current is not catalytic (Figure S4 in Appendix B).  CVs of 6 in 0.1 M phosphate buffer (pH = 
7.5) show a reversible [CuIII(PY5Me2)(OH)]2+/[CuII(PY5Me2)(OH2)]2+ couple at -0.032 V vs. 
NHE followed by a large catalytic current with an onset of ~1.3 V vs. NHE. On the reverse scan, 
an irreversible reduction appears with ip,c = -0.013 V.  Normalizing the current at various scan 
rates shows an increase in current at slower scan rates, typically indicative of catalysis (Figure 
3.8). 
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Figure 3.9.  Plot of E1/2 (V vs NHE) vs. pH for the FeIII/II and FeIV/III redox couples of 1 (I = 0.1 M; GC 
working electrode; scan rate = 100 mV/s). 
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Due to well-behaved electrochemistry and electrocatalytic current at high potentials, complex 
1 was investigated further. The [FeIII(PY4bim)(OH)]2+/[FeII(PY4bim)(OH2)]2+ and 
[FeIV(PY4bim)(O)]2+/[FeIII(PY4bim)(OH)]2+ potentials are shown to be pH dependent with the 
expected Nernstian behavior (Figure 3.9).  Below pH = 2.5 no reversible couples are observed, 
presumably due to ligand loss from protonation.  Past this pH,  the 
[FeIII(PY4bim)(OH)]2+/[FeII(PY4bim)(OH2)]2+ couple is pH independent until the pKa of 
[FeIII(PY4bim)(OH2)]3+ is reached at pH = 4.4.  The potential for the 
[FeIV(PY4bim)(O)]2+/[FeIII(PY4bim)(OH2)]3+ couple is irreversible, but the ip,a decreases by 118 
mV/pH unit with increasing pH, consistent with a 1e-/2H+ couple until pH = 4.4.  Past pH 4.4, the 
couples become [FeIII(PY4bim)(OH)]2+/[FeII(PY4bim)(OH2)]2+ and 
[FeIV(PY4bim)(O)]2+/[FeIII(PY4bim)(OH)]2+ and E1/2 values decrease with matching slopes of 59 
mV/pH unit (Figure 3.9).  Beyond the [FeIV(PY4bim)(O)]2+ potential, significant current above 
the background is seen, similar to the other complexes investigated. 
Complex 1 was tested for water oxidation at pH = 7 by a recently published electrochemical 
method in which a fluoride-doped tin oxide (FTO)-coated glass slide is used as a working 
electrode.20  It has been shown that FTO-coated glass has a reversible couple that is pH dependent 
and catalytically reduces O2.  Thus the working electrode can also act as an O2 sensor.  CVs of 1 
in 0.1 M phosphate buffer at pH = 7 were conducted using an FTO coated glass slide as a 
working electrode, with a Ag/AgCl (3 M NaCl, 0.207 V vs NHE) reference and a Pt mesh counter 
electrode.  Scanning from -0.5 V to 0.9 V vs. NHE shows the reversible couple at -0.3 V due to 
FTO, followed by the reversible [FeIII(PY4bim)(OH)]2+/[FeII(PY4bim)(OH2)]2+ couple at 0.5 V, 
consistent with what was reported at a glassy carbon electrode.  Stopping the sweep at 0.9 V and 
returning shows only these reversible couples without O2 detected (blue line, Figure 3.10).  If the 
CV is taken to 1.6 V vs. NHE (i.e. into the water oxidation current), an enhancement of the 
reduction at -0.3 V is observed (red line, Figure 3.8), confirming oxygen produced by 1.  
Subsequent scans show an increase in oxygen production with each sweep.  FTO without 1 added 
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to solution shows the reversible peak at -0.3 V, but does not change when sweeping to 1.6 V 
(Figure S3 in Appendix B). 
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Figure 3.10. Cyclic voltammograms of 1 at 100 mV/s scanning just past the FeIII/II potential (blue) and 
scanning into H2O oxidation (red) in 0.1 M phosphate buffer (pH = 7) with 1.0 mM complex with an FTO 
working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  Potentials are reported vs NHE. 
 
Complexes 3 and 4 did not show activity for water oxidation.  Further, these complexes did 
not display well-behaved, fully reversible electrochemistry over a range of pH values.  Complex 2 
also appears to be a water oxidation catalyst, and the corresponding complex [Co(PY5)(OH2)]2+ 
was shown to be a catalyst for water oxidation.11  Electrochemistry with 2, however, led to the 
formation of films on the working electrode, making the identity of the water oxidation catalyst 
unclear as Co films are known to be good catalysts for water oxidation.18 
 
DISCUSSION 
The synthesis and characterization of 1 – 4 agrees with previously published data for 
imidazole derivatives of the compounds with the significant exception of the 1H NMR spectrum 
of 2.  Complex 2, as synthesized, contains CoII from the CoCl2 starting material.  Further, the 
mass spectrometry of 2 revealed ions that were consistent with Co in the 2+ oxidation state.  
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Electroparamagnetic Resonance (EPR) measurement of 2 in a glass at 77 K shows a magnetic 
moment and behavior consistent with an S = ½ paramagnet, suggesting 2 is a ls CoII species with 
a single unpaired electron.  The sharp 1H NMR of 2 may be due to both a strong field ligand and a 
Co–Co interaction in solution where two complexes may interact to form a Co dimer that pairs 
the spins of the unpaired electrons, and gives a diamagnetic spectrum similar to what would be 
expected for a CoIII species.  There is also a reported complex of CoII with a sharp and normal 
region 1H NMR that has a crystal structure to confirm the assignment as CoII.21  Similarly, this 
complex is ligated by a carbene ligand.  
The electrochemistry of the complexes at pH 1 clearly shows that the ligand is dissociated 
from the metal ions.  The carbene is protonated in highly acidic media which causes ligand loss 
from the complexes.  While electrochemistry can be done on 1 – 6 in other solvents or at higher 
pH, the instability of the complexes at pH 1 makes typical water oxidation experiments difficult.  
Most O2 evolution and kinetic studies rely on the strong, one-electron oxidant, ceric ammonium 
nitrate (CAN), which is only stable at pH ≤ 1.  This fact also brings into doubt other reports 
where polypyridyl complexes of first-row transition metals were studied at low pH with CAN for 
water oxidation.10  
The use of a method where FTO coated slides can be used to show oxygen production, 
however, does allow a qualitative measurement to be made at pH = 7.  This method clearly shows 
O2 being produced by 1 at pH 7, albeit with large overpotentials (~650 mV).  Still, very few 
examples of first-row transition metal catalysts for water oxidation exist, and this represents a 
significant step towards the synthesis of effective water oxidation catalysts with earth abundant 
metals.  Similarly, the aqueous electrochemistry of 6 is promising for water oxidation, and 
complexes of Cu have been shown to be competent electrocatalysts for water oxidation.22-24  
These studies, however, show Cu catalysts are only effective at very high pHs (12+) whereas 6 
acts as a catalyst at pH 7.5.  Further studies are needed to demonstrate oxygen production and 
quantify the amount of O2 produced by 1 and 6. 
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CONCLUSIONS 
In conclusion, we report a new series of first-row transition metal complexes 1 – 4, based on 
the pentadentate ligand [PY4bim](Br).  The complexes have been characterized by 1H NMR 
spectroscopy, X-ray crystallography, mass spectrometry, and cyclic voltammetry.  The electron-
donating carbene moiety, as well as the multi-dentate polypyridyl framework, help to stabilize 
low-spin complexes, particularly those complexes of Fe and Co, which give rise to sharp 1H 
NMR in the region consistent with diamagnetic species. 
 Complex 1 was also shown to have pH-dependent electrochemistry and to oxidize water to O2.  
As observed for Ru polypyridyl water oxidation catalysts, 1 undergoes proton-coupled electron 
transfer reactions to reach a high oxidation state intermediate, which is presumably stabilized by 
the pentadentate ligand. This high oxidation state intermediate is capable of water oxidation.  
Through the use of O2 reduction at an FTO electrode, we have shown that 1 is an effective 
catalyst for water oxidation at pH = 7.  Further studies to elucidate the mechanism of 1 and 
determine whether the catalyst is monomeric are necessary, although solution studies are 
complicated by being restricted to higher pH values due to ligand loss at low pH.  Strategies for 
surface attachment may provide a route to well-characterized water oxidation catalysts based on 
these complexes and allow for the quantitation of the evolved O2, as well as turnover numbers 
and turnover frequencies for these complexes. 
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  CHAPTER 4 
Heteroleptic Polypyridyl Ruthenium Chromophore/Redox Mediator Complexes for Solar 
Conversion 
 
INTRODUCTION 
In order to generate solar fuels with light, the catalysts in the last two chapters must be 
coupled with light absorbing chromophoric materials.  Chromophore redox mediator (CRM) 
complexes for application in solar energy conversion including dye sensitized solar cells (DSSCs) 
and dye sensitized photoelectrosynthesis cells (DSPECs) have been under investigation for 
decades.1-7 An early study by Fujishima and Honda on the use of photoelectrochemical cells for 
water splitting (2H2O  2H2 + O2) highlighted the necessity for dye sensitization in the form of a 
DSPEC.8,9 It was observed that the limitation of the cell produced by Fujishima and Honda was 
the large band gap of n–type TiO2 (~3.2 eV); a factor that resulted in water oxidation only 
occurring at high energy wavelengths (≤ 415 nm, <10% of solar radiation at sea level). It should 
be noted that absorption of wavelengths up to 920 nm (1.35 eV) (>50% AM1.5 solar radiation), 
can provide sufficient energy to power photo-electrochemical fuel production.9 As a result, for 
efficient solar fuels production, it is imperative that longer wavelengths of light are utilized 
through the sensitization of TiO2.   
For the purpose of DSPEC applications, a CRM complex would ideally be capable of light 
absorption across the UV/vis range, and potentially even into the near-IR. However, to function 
in DSPEC devices, the CRM must meet two essential criteria; (1) the CRM complex must be 
capable of efficient electron injection of excited state electrons into the conduction band of a 
semiconductor coated electrode (typically anatase TiO2), and (2) the resultant oxidized CRM 
must be capable of activating a water oxidation catalyst (WOC).  With these criteria in mind, we 
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are working towards disentangling design aspects of ruthenium CRMs to energy match the lowest 
lying π* energy level (eq. 4.1) and metal centered redox potentials (eq. 4.2) with the intended 
application in a DSPEC device.10 
 
[RuII(bpy)2(N^N)]2+ → [RuIII(bpy)2(N^N‾•)]2+*         (eq. 4.1) 
[RuII(bpy)2(N^N)]2+ → [RuIII(bpy)2(N^N)]3+              (eq. 4.2) 
 
 This chapter covers progress made on the optimization of heteroleptic Ru polypyridyl CRMs 
for application in DSPEC devices. We report the preparation and characterization of nine new 
CRM complexes and compare redox and photophysical behavior with that of the benchmark 
chromophore [Ru(bpy)3]2+ (Figure 4.1). 
 
Figure 4.1.  Ru(bpy)32+ and the nine targeted heteroleptic CRM complexes under investigation. 
 
EXPERIMENTAL 
Materials and Methods. Solvents and reagents were obtained from commercial sources and 
used as received. 2-acetylpyridine, o-phenylenediamine, 1,2,3,4-tetrahydroquinoline, 2-
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acetylthiazole, 2-acetylpyrazine, 4,5-dimethyl-1,2-phenylenediamine and 2,3-butadione were 
purchase from Sigma Aldrich and used with no further purification. Proton nuclear magnetic 
resonance spectra (1H NMR) were recorded on a Bruker model DRX 400 spectrometer with 
residual solvent resonances used as the internal standard (1H NMR:  CDCl3 at 7.26 ppm, CD3CN 
at 1.94 ppm). UV/vis spectra were recorded on an Agilent Technologies Model 8453 diode-array 
spectrophotometer. Mass spectra were collected by injection ESI (electrospray ionization) on a 
Bruker Daltonics, Inc., Billerica, MA, USA, BioToF Mass Spectrometer. Electrochemical 
measurements were performed with a BAS 100B electrochemical analyser under an atmosphere 
of Argon. 
Synthesis and characterization. 
Ligands 
2,3-Dimethyl-pyrido[2,3-f]quinoxaline (L1). A stirred solution of 7,8-diaminoquinoline (100 
mg, 0.63 mmol) and 2,3-butadione (66 µL, 0.75 mmol) in ethanol (10 ml) was refluxed overnight. 
The reaction mixture was cooled to room temperature prior to the addition of distilled water (20 
ml). The precipitate that resulted was isolated by filtration, washed with excess water and dried in 
a vacuum oven.  The product was used without further purification.  Yield: 130 mg (98%).  1H 
NMR (CDCl3): δ 9.19 (d, 1H), 8.26 (d, 1H), 7.99 (d, 1H), 7.93 (d, 1H), 7.62 (dd, 1H), 2.92 (s, 
3H), 2.80 (s, 3H). 
6,7-Dimethyl-2-(pyridin-2-yl)quinoxaline (L2). 4 M hydrochloric acid (2.4 ml) was added to 
a stirred solution of 4,5-dimethylbenzene-1,2-diamine (1000 mg, 7.34 mmol), 2-acetylpyridine 
(0.822 ml, 7.34 mmol) and silicon dioxide (24 mg) in MeOH (30 ml) and refluxed overnight. The 
reaction mixture was subsequently allowed to cool prior to the addition of 0.1 M potassium 
hydroxide (100 ml) that resulted in the formation of an orange precipitate. The precipitate was 
isolated by filtration, washed with excess water and dried in a vacuum oven.  The product was 
used without further purification.  Yield: 780 mg (45%).  1H NMR (400 MHz, CDCl3): δ 9.82 (s, 
1H), 8.74 (d, 1H), 8.53 (d, 1H), 7.87 (m, 3H), 7.36 (dd, 1H), 7.50 (s, 6H). 
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2-(pyridin-2-yl)-1,8-naphthyridine (L3). A stirred solution of 2-acetylpyridine (606 mg, 5 
mmol), 2-amino-3-formylpyridine (610 mg, 5 mmol) and KOH (561 mg, 10 mmol) in 50% 
aqueous methanol (10 ml) was heated at 60 °C overnight.  The reaction mixture was quenched by 
the addition of water (20 ml) and the resulting precipitate was isolated by filtration. The crude 
product was washed with water and dried in a vacuum oven. Yield: 984 mg (95 %). 1H NMR 
(400 MHz, CDCl3): δ 9.13 (dd, 1H), 8.85 (d, 1H), 8.73 (d, 1H), 8.71 (d, 1H), 8.30 (d, 1H), 8.20 
(dd, 1H), 7.86 (ddd, 1H), 7.47 (dd, 1H), 7.36 (dd, 1H).  
2-(Pyridin-2-yl)quinoxaline (L4). 4 M hydrochloric acid (2.4 ml) was added to a stirred 
solution of 1,2-phenylenediamine (865 mg, 8 mmol), 2-acetylpyridine (0.896 ml, 8 mmol) and 
silicon dioxide (24 mg) in MeOH (30 ml) and refluxed overnight. The reaction mixture was 
subsequently allowed to cool prior to the addition of 0.1 M potassium hydroxide (100 ml) that 
resulted in the formation of an orange precipitate. The precipitate was isolated by filtration, 
washed with excess water and dried in a vacuum oven.  Yield: 1.41 g (85 %). 1H NMR (400 
MHz, CDCl3): δ 9.94 (s, 1H), 8.77 (d, 1H), 8.58 (d, 1H), 8.15 (m, 2H), 7.89 (dd, 1H), 7.76 (m, 
2H), 7.39 (dd, 1H). 
2-(Pyrazin-2-yl)-1,8-naphthyridine (L5). A stirred solution of 2-acetylpyrazine (611 mg, 5 
mmol), 2-amino-3-formylpyridine (610 mg, 5 mmol) and KOH (561 mg, 10 mmol) in 50% 
aqueous methanol (10 ml) was heated at 60 °C overnight.  The reaction mixture was quenched by 
the addition of water (20 ml) and the resulting precipitate was isolated by filtration. The crude 
product was washed with water and dried in a vacuum oven.  Yield: 947 mg  (91 %). 1H NMR 
(400 MHz, CDCl3): δ 10.01 (s, 1H), 9.15 (dd, 1H), 8.64 (s, 2H), 8.63 (d, 1H), 8.33 (d, 1H), 8.22 
(dd, 1H), 7.51 (dd, 1H). 
2-(1,8-Naphthyridin-2-yl)thiazole (L6). A stirred solution of 2-acetylthiazole (636 mg, 5 
mmol), 2-amino-3-formylpyridine (610 mg, 5 mmol) and KOH (561 mg, 10 mmol) in 50% 
aqueous methanol (10 ml) was heated at 60 °C overnight.  The reaction mixture was quenched by 
the addition of water (20 ml) and the resulting precipitate was isolated by filtration. The crude 
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product was washed with water and dried in a vacuum oven.  Yield: 984 mg (98 %).  1H NMR 
(400 MHz, CDCl3): δ 9.13 (dd, 1H), 8.45 (d, 1H), 8.28 (d, 1H), 8.20 (dd, 1H), 7.98 (d, 1H), 7.55 
(d, 1H), 7.49, (dd, 1H). 
2-(Quinolin-2-yl)quinoxaline (L7). A stirred solution of 2-acetylquinoxaline (300 mg, 1.74 
mmol), 2-aminobenzaldehyde (211 mg, 1.74 mmol) and KOH (195 mg, 3.48 mmol) in 50% 
aqueous methanol (10 ml) was heated at 60 °C overnight.  The reaction mixture was quenched by 
the addition of water (20 ml) and the resulting precipitate was isolated by filtration. The crude 
product was washed with water and dried in a vacuum oven.  Yield: 434 mg (97 %).  1H NMR 
(400 MHz, CDCl3): δ 10.20 (s, 1H), 8.73 (d, 1H), 8.34 (d, 1H), 8.18 (d, 1H), 8.17 (m, 2H), 7.89 
(d, 1H), 7.78 (m, 3H), 7.60 (dd, 1H). 
2,2′-biquinoxaline (L8). 4 M hydrochloric acid (1.2 ml) was added to a stirred solution of 
1,2-phenylenediamine (433 mg, 4 mmol), 2-acetylquinoxaline (689 mg, 4 mmol) and silicon 
dioxide (12 mg) in MeOH (15 ml) and refluxed overnight. The reaction mixture was subsequently 
allowed to cool prior to the addition of 0.1 M potassium hydroxide (50 ml) that resulted in the 
formation of a precipitate. The precipitate was isolated by filtration, washed with excess water 
and dried in a vacuum oven.  Yield: 310 mg (30 %). 1H NMR (400 MHz, CDCl3): δ 10.14 (s, 
2H), 8.29 – 8.26 (m, 2H), 8.23 – 8.21 (m, 2H), 7.90 – 7.83 (m, 4H). 
2-(1,8-Naphthyridin-2-yl)quinoxaline (L9). A stirred solution of 2-acetylquinoxaline (300 
mg, 1.74 mmol), 2-amino-3-formylpyridine (212 mg, 1.74 mmol) and KOH (195 mg, 3.48 mmol) 
in 50% aqueous methanol (10 ml) was heated at 60 °C overnight.  The reaction mixture was 
quenched by the addition of water (20 ml) and the resulting precipitate was isolated by filtration. 
The crude product was washed with water and dried in a vacuum oven.  Yield: 410 mg (91 %). 
1H NMR (400 MHz, CDCl3): δ 10.35 (s, 1H), 9.20 (dd, 1H), 8.90 (d, 1H), 8.40 (d, 1H), 8.27 (dd, 
1H), 8.20 (m, 2H), 7.81 (m, 2H), 7.56 (dd, 1H). 
Complexes 
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General procedure for synthesis of [Ru(bpy)2(N^N)]
2+.  A stirred solution of [Ru(bpy)2Cl2] 
(115 mg, 0.239 mmol) and ligand (N^N, L1 – L9, 0.239 mmol) in a 1:1 mixture of EtOH:H2O 
was refluxed for 4 hr. The reaction mixture was cooled to room temperature and filtered to 
remove unreacted material. The product was then purified by chromatography on Sephadex LH-
20 with H2O as eluent. 
[Ru(bpy)2(L1)]Cl2 (1). Starting from L1 (50 mg, 0.239 mmol) gave 1 as an orange crystalline 
powder.  Yield: 153 mg (92 %).  1H NMR (400 MHz, D2O): δ 8.63 (d, 1H), 8.56 (m, 4H), 8.38 (d, 
1H), 8.21 (d, 1H), 8.09 (dd, 1H), 8.00 (m, 6H), 7.71 (d, 1H), 7.65 (dd, 1H), 7.38 (m, 2H), 7.30 (d, 
1H), 7.28 (dd, 1H), 7.15 (dd, 1H), 2.76 (s, 3H), 2.26 (s, 3H).  UV/vis in H2O, λmax, nm (ε, M-1 
cm-1): 254 (20300), 285 (54000), 337 (9200), 440 (12700); HR-ESI-MS: m/z = 622.1293 (calcd 
for C33H26N7Ru ([M – HCl – Cl]+) 622.1280), 311.5686 (calcd for C37H27N7Ru ([M – 2Cl]2+) 
311.5662). 
[Ru(bpy)2(L2)](ClO4)2 (2). Starting from L2, 2 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.  Yield: 360 
mg (85 %). 1H NMR (400 MHz, CD3CN): δ 9.75 (s, 1H), 8.86 (d, 1H), 8.60 (m, 2H), 8.48 (d, 
1H), 8.40 (d, 1H), 8.14 (m, 4H), 7.97 (m, 4H), 7.72 (d, 1H), 7.63 (d, 1H), 7.54 (t, 1H), 7.48 (m, 
2H), 7.42 (t, 1H), 7.35 (m, 2H), 7.03 (s, 1H), 2.43 (s, 3H), 1.93 (s, 3H); UV/vis in H2O, λmax, nm 
(ε, M-1 cm-1): 244 (19600), 250 (20900), 281 (44100), 364 (10800), 383 (11100), 433 (5900), 
502 (6300). HR-ESI-MS: m/z = 794.1156 (calcd for C35H29F6N7PRu ([M – PF6]+) 794.1170), 
324.5737 (calcd for C35H29N7Ru ([M – 2PF6]2+) 324.5764). 
[Ru(bpy)2(L3)](ClO4)2 (3). Starting from L3, 3 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.  Yield: 308 
mg (75 %). 1H NMR (400 MHz, CD3CN): δ 8.74 (d, 1H), 8.64 (d, 1H), 8.60 (d, 1H), 8.52 (d, 1H), 
8.50 (d, 1H), 8.39 (dd, 1H), 8.34 (dd, 2H), 8.12 (dd, 1H), ; UV/vis in H2O, λmax, nm (ε, M-1 cm-
1): 242 (33800), 287 (50900), 316 (30000), 443 (8300), 509 (7700). HR-ESI-MS: m/z = 720.0675 
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(calcd for C33H25ClN7O4Ru ([M – ClO4]+) 720.0700), 310.5607 (calcd for  C33H25N7Ru ([M – 
2ClO4]2+) 310.5577). 
[Ru(bpy)2(L4)](PF6)2 (4). Starting from L4, 4 was isolated as its PF6- salt by precipitation of 
combined chromatographic fractions by the addition of excess NH4PF6.   Yield: 782 mg (83 %).  
1H NMR (400 MHz, CD3CN): δ 9.72 (s, 1H), 8.83 (d, 1H), 8.57 (m, 2H), 8.45 (d, 1H), 8.37 (d, 
1H), 8.13 (m, 4H), 7.94 (m, 4H), 7.69 (d, 1H), 7.60 (d, 1H), 7.51 (t, 1H), 7.45 (m, 2H), 7.38 (t, 
1H), 7.31 (m, 2H), 6.99 (s, 1H); UV/vis in H2O, λmax, nm (ε, M-1 cm-1): 254 (30200), 282 
(53200), 333 (18800), 431 (8100), 511 (9000). HR-ESI-MS: m/z = 766.0857 (calcd for 
C33H25F6N7PRu ([M – PF6]+) 766.0839), 310.5607 (calcd for C37H27N7Ru ([M – 2PF6]2+) 
310.5583). 
[Ru(bpy)2(L5)](ClO4)2 (5). Starting from L5, 5 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.   Yield: 
275 mg (67 %). 1H NMR (400 MHz, CD3CN): δ 9.82 (s, 1H), 8.74 (d, 1H), 8.67 (d, 1H), 8.52 (m, 
3H), 8.44 (d, 1H), 8.37 (t, 2H), 8.07 (m, 4H), 7.95 (t, 1H), 7.89 (d, 1H), 7.77 (d, 1H), 7.65 (d, 
2H), 7.62 (d, 1H), 7.55 (dd, 1H), 7.41 (m, 2H), 7.28 (m, 2H); UV/vis in H2O, λmax, nm (ε, M-1 
cm-1): 241 (31900), 284 (47900), 318 (25800), 427 (8100), 518 (7700); HR-ESI-MS: m/z = 
767.0835 (calcd for  C32H24F6N8PRu ([M – PF6]+) 767.0809), 311.0567 (calcd for C32H24F6N8PRu 
([M – 2PF6]2+) 311.0584). 
[Ru(bpy)2(L6)](ClO4)2 (6). Starting from L6, 6 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.  Yield: 175 
mg (42 %).  1H NMR (400 MHz, CD3CN): δ 8.60 (d, 1H), 8.48 (t, 2H), 8.41 (d, 1H), 8.39 (dd, 
1H), 8.35 (t, 2H), 8.10 (d, 2H), 8.03 (m, 3-4H), 7.79 (d, 1H), 7.73 (t, 2H), 7.55 (d, 1H), 7.51 (dd, 
1H), 7.36 (m, 3-4H), 7.26 (dd, 1H), 7.21 (d, 1H); UV/vis in H2O, λmax, nm (ε, M-1 cm-1): 240 
(24100), 284 (45000), 340 (23300), 442 (7200), 521 (8100); HR-ESI-MS: m/z = 726.0223 (calcd 
for  C31H23ClN7O4RuS ([M – ClO4]+) 726.0264), 313.5383 (calcd for C31H23N7RuS ([M – 
2ClO4]2+) 313.5390). 
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[Ru(bpy)2(L7)](ClO4)2 (7). Starting from L7, 7 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.   Yield: 
200 mg (40 %).  1H NMR (400 MHz, CD3CN): δ 9.90 (s, 1H), 8.77 (d, 1H), 8.64 (d, 1H), 8.55 (d, 
2H), 8.33 (t, 2H), 8.24 (d, 1H), 7.95 – 8.15 (m, 6H), 7.75 – 7.90 (m, 4H), 7.55 – 7.70 (m, 2), 7.30 
– 7.46 (m, 6H), 7.24 (ddd, 1H), 7.14 (d, 1H), 6.96 (d, 1H); UV/vis in H2O, λmax, nm (ε, M-1 cm-
1): 254 (31000), 272 (43800), 286 (47400), 355 (18400), 368 (18000), 390 (18500), 428 (6400), 
544 (8100); HR-ESI-MS: m/z = 770.0857 (calcd for C37H27ClN7O4Ru ([M – ClO4]+) 770.0835), 
335.5665 (calcd for C37H27N7Ru ([M – 2ClO4]2+) 335.5686). 
[Ru(bpy)2(L8)](ClO4)2 (8). Starting from L8, 8 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.   Yield: 
225 mg (52 %).  1H NMR (400 MHz, CD3OD): δ 8,86 (d, 1H), 8.77 (d, 1H), 8.61 (d, 1H), 8.51 (d, 
1H), 8.28 (td, 1H), 8.13 (m, 5H), 7.99 (td, 1H), 7.93 (d, 1H), 7. 91 (d, 1H), 7.78 (ddd, 1H), 7.61 
(ddd, 1H), 7.56 (d, 1H), 7.53 (ddd, 1H), 7.45 (m, 2H), 7.39 (m, 2H), 7.31 (ddd, 1H), 7.02 (t, 1H), 
5.68 (d, 1H); UV/vis in H2O, λmax, nm (ε, M-1 cm-1): 253 (32100), 288 (36200), 334 (16400), 
398 (14800), 503 (6700). 
[Ru(bpy)2(L9)](ClO4)2 (9). Starting from L9, 9 was isolated as its perchlorate salt by 
precipitation of combined chromatographic fractions by the addition of excess KClO4.  Yield: 210 
mg (48 %). 1H NMR (400 MHz, CD3CN): δ 9.91 (s, 1H), 8.94 (d, 1H), 8.77 (d, 1H), 8.57 (d, 2H), 
8.47 (dd, 1H), 8.29 (d, 1H), 8.23 (d, 1H), 8.19 (d, 1H), 8.10 (dd, 1H), 8.05 (m, 3H), 7.99 (d, 1H), 
7.97 (d, 1H), 7.93 (ddd, 1H), 7.85 (m, 1H), 7.53 (m, 3H), 7.37 (m, 3H), 7.27 (m, 3H); UV/vis in 
H2O, λmax, nm (ε, M-1 cm-1): 253 (37800), 283 (41700), 362 (20900), 377 (18000), 422 (6200), 
562 (7400). 
[Ru(bpy)3]Cl2•6H2O.  UV/vis in H2O, λmax, nm (ε, M-1 cm-1): 242 (25100), 288 (51400), 
424 (11400), 453 (14000). 
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RESULTS 
Ligand synthesis.  L1 was prepared in high yield by the condensation of 7,8-diamino quinoline 
and 2,3-butadione in ethanol (Scheme 4.1). 7,8-diamino quinoline was prepared in four steps 
from 1,2,3,4-tetrahydroquinoline. Primarily 1,2,3,4-tetrahydroquinoline was converted to 7-nitro-
1,2,3,4-tetrahydroquinoline in a mixed acid electrophilic aromatic substitution.11 The nitrated 
hydroquinoline was then oxidized with DDQ to give 7-nitroquinoline.12  This latter product was 
converted to 7-nitroquinolin-8-amine by treatment with hydroxylamine hydrochloride under basic 
conditions followed by reduction of the nitro group with Raney Nickel to give 7,8-
diaminoquinoline.  
 
Scheme 4.1.  Synthesis of L1 by a Condensation Reaction. 
 
Both L2 and L4 were prepared in 45% and 85 % yield, respectively, via a reported procedure 
that involved an acid catalyzed condensation of o-phenylenediamine precursors with 2-
acetylpyridine (Scheme 4.2).13  
 
Scheme 4.2.  Acid Catalyzed Condensation Leading to L2 and L4. 
 
The Friedländer condensation was used to prepare a series of quinoline (L7) and napthyridine 
(L3, L5, L6, L9) derivatives with heterocyclic substituents in the 2-position; including pyridine, 
pyrazine, thiazole, quinoline and quinoxaline (Scheme 4.3).14  It is worthy of note that this 
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synthetic approach would allow access to large libraries of subtly varied ligands for systematic 
studies such as this one. 
 
Scheme 4.3.  Friedländer Condensation to Synthesize L3, L5, L6, L7, and L9. 
 
Complex synthesis, UV/vis absorption, and electrochemistry.  The [Ru(bpy)2(N^N)]2+ salts 
were prepared from the reaction of Ru(bpy)2Cl210 with each of series of N^N donor bidentate 
ligands L1 – L9.  Both 1H NMR and high-resolution mass spectrometry of the complexes 
confirmed their composition (see experimental).  UV/vis spectra were collected on ca. 0.05 mM 
acetonitrile solutions of complexes 1 – 9 (Figures S1 – S9 in Appendix C).  The spectrum of 
Ru(bpy)32+ was also collected for comparison, with its molar extinction coefficient (ε) in good 
agreement with literature.10  Table 4.1 lists absorption wavelength (λ, nm and ε, M-1cm-1) for 
ligand based π-π* and metal to ligand charge transfer (MLCT) transitions. Figure 4.2 illustrates 
some typical spectral differences between that of Ru(bpy)32+ and those observed for the 
chromophore series.  
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Figure 4.2.  UV/vis spectra of select complexes (2 and 9) and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM. 
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Cyclic voltammetry (CV) of 1 – 9 and [Ru(bpy)3]2+ in CH3CN shows a reversible RuIII/II 
potential that is ligand dependent.  The RuIII/II couples (E1/2 (RuIII/II)) for complexes 1 – 9 and 
[Ru(bpy)3]2+ span a potential range of 1.22 – 1.47 V vs. SCE (Table 4.1).  Figure 4.3 exemplifies 
the range of potentials across the series relating to complexes 1, 3, 4, 7, and versus Ru(bpy)32+.  
The first reduction potentials (E1/2 (RuII/I)) of complexes 1 – 9 span a range of –0.56 to -1.12 V vs. 
SCE compared with that of Ru(bpy)32+ (-1.30 V) (Table 4.1, Figure 4.4). As expected, because 
the first reductions of the complexes are ligand based, the new ligand set has a larger effect on the 
reduction potentials than the metal based oxidation potentials.  
 
1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0
 Complex 7
 Complex 4
 Complex 1
 Ru(bpy)
3
 Complex 3
Potential (V vs. SCE)
 
Figure 4.3.  CVs of 7 (black), 4 (red), 1 (blue), Ru(bpy)3 (green), and 3 (magenta) in CH3CN with 0.1 M 
nBu4NPF6 with 1 mM complex showing the systematic potential differences of the RuIII/II couple across the 
series. 
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Figure 4.4.  CVs of  Ru(bpy)3 (black), 1 (red), 3 (green), and 7 (blue) in CH3CN with 0.1 M nBu4NPF6 
with 1 mM complex showing the first three reduction potentials corresponding to ligand-based reductions 
across the series. 
 
Emission spectroscopy.  In general the red shifts of the MLCTs of complexes 1 – 9 are 
mirrored by red shifted emission energies (Figure 4.5). Consistent with the energy gap law, the 
excited state lifetimes also decrease as the emission energy decreases. The excited stage lifetimes 
(τ) for complexes 1 – 9 span a range of 26 – 184 ns; shorter than Ru(bpy)3 (τ = 831 ns). Although 
the emission intensities overall were lower than that of the parent compound Ru(bpy)32+ (620 nm) 
the emission energies of complexes 1 – 9 span a wavelength range of 650 – 885 nm. The excited 
state reduction potentials, E1/2(RuIII/II*), were calculated from the ground state potentials and from 
the estimate of free energy stored in the thermally equilibrated MLCT excited state, ΔGes, using: 
E1/2(RuIII/II*) = E1/2(RuIII/II) – ΔGes. ΔGes was estimated by drawing a tangent line to the high-
energy side of the corrected photoluminescence spectra.15 
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Figure 4.5.  Normalized emission spectra of Ru(bpy)3 and 1 – 9 in argon de arated acetonitrile at room 
temperature. 
 
DISCUSSION 
In order to tune the redox and photophysical behavior of 1 – 9, two ligand design strategies 
were employed; incorporation of non-coordinating aromatic heteroatoms, and extended 
conjugation of the ligand backbone through fused aromatics. To achieve these structural features 
we incorporated pyrazine, thiazole, quinoxaline, quinoline and napthyridine moieties in various 
combinations into the diimine (N^N) ligands (Figure 4.1).  One benefit of the latter moieties is 
the wide variety of methodologies available for their preparation, allowing access to many 
functionalized analogues.  
UV/vis measurements of 1 – 9 show a trend across the series influenced heavily by the ligand 
based π* orbitals, which is evident in the electrochemistry and emission of the complexes. With 
one exception, the most notable UV/vis spectral changes for the complex series 2 – 9, compared 
with that of Ru(bpy)32+, were related to the red shifted bands corresponding to MLCT absorptions 
(Figure 4.2). The latter is indicative of the more accessible ligand based π* orbitals for π – back 
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bonding interactions from dπ6 electrons. Notably, further splitting of the dπ→π* bands are 
evident with the dπ→π*(N^N) moving to lower energy and dπ→π*(bpy) essentially remaining 
unchanged. Complex 9 has the lowest energy MLCT of the series but it also has a significant 
spectral gap (region of low absorption intensity ca. 440 – 525 nm); not ideal for DSSC and 
DSPEC application. Complex 2 is intermediate between 9 and Ru(bpy)32+.  
 
 
Table 4.1. Solution Photophysical and Electrochemical Properties of Complexes 1 – 9 and Ru(bpy)32+. 
Complex 
absorbance λ 
(nm) (ε x104M-
1cm-1) a 
emission at rtb 
ΔGgsc, V E1/2(RuIII/II)d, V E1/2(RuIII/II*)e,V E1/2(RuII/I),  V λmax 
(nm) 
τ 
(ns) 
Ru(bpy)3 
449(1.4), 286 
(5.1), 243 (2.5) 
620 831 2.23 1.29 -0.94 
 
-1.31 
 
1 
443 (1.3), 285 
(5.4), 249 (1.9) 
650 26 2.18 1.36 -0.82 -1.12 
2 
501 (0.63), 283 
(4.5), 254 (2.1) 
755 167 1.85 1.40 -0.45 -0.83 
3 
507 (7.7), 287 
(5.1), 244 (3.4) 
765 184 1.82 1.22 -0.60 -0.96 
4 
508 (0.90), 281 
(5.4), 254 (3.0) 
780 105 1.80 1.42 -0.38 -0.74 
5 
518 (0.77), 284 
(4.8), 242 (3.2) 
790 92 1.77 1.35 -0.42 -0.78 
6 
520 (0.81), 286 
(4.6), 
249(2.2) 
810 113 1.74 1.24 -0.50 -0.89 
7 
544 (0.81), 286 
(4.7), 256 (3.1) 
830 93 1.69 1.47 -0.22 -0.61 
8 
509 (0.66), 288 
(3.6), 253 (3.2) 
850 30 1.66 1.28 -0.38 -0.57 
9 
564 (0.75), 285 
(4.2), 254 (3.4) 
885 26 1.57 1.39 -0.18 -0.56 
(a) In MeCN. (b) In MeCN deaerated with Ar for 30 minutes. (c)  Estimated from the x intercept of tangent to the high-
energy inflection point. (d) differential pulse voltammetry on 1mM complex in 0.1 mol nBu4PF6 MeCN electrolyte with GC 
working electrode and Ag/AgNO3 (1 M) reference (values were adjusted to agree with literature values for [Ru(bpy)3]3+/2+ vs. 
SCE)16, and (e) E1/2(RuIII/II*) = E1/2(RuIII/II) - ∆Ges 
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The influence of the ligand-based orbitals can also be observed in the electrochemistry of 1 – 
9 with E1/2 (RuIII/II) conjugation and inclusion of pyrazine moieties affecting these potentials.  In 
general complexes that incorporate pyrazine moieties (either as pyrazine or quinoxalines) have 
more positive RuIII/II potentials than [Ru(bpy)3]3+/2+.  This behavior is indicative of increased -
backbonding between the metal based d 6 electrons and ligand -acceptor levels. This results in a 
stabilization of the d 6 electrons.17  Complex 8 is a special case that contravenes the latter 
generalization. Molecular models of 8 indicated that the bis-quinoxaline ligand in this complex 
was significantly distorted from planarity which may have perturbed its expected aromaticity and 
resulted in raised π* energy levels; the outcome of which is a lower than expected RuIII/II couple 
(1.28 V vs. SCE). 
Interestingly, L3 appears to be a worse π-acceptor ligand than bpy itself based on the apparent 
70 mV decrease of the RuIII/II couple for complex 3 (1.22 V vs. SCE) versus that of Ru(bpy)32+ 
(1.29 V vs. SCE). However complex 3 has a first reduction potential (-0.96 V) 340 mV less 
negative than that of Ru(bpy)3 (-1.31 V).18  The latter indicates that the increased conjugation due 
to the napthyridine moiety results in its easier reduction over the pyridines of bpy itself. The 
properties of complex 3 illustrate an important point in that both increased conjugation and π–
backbonding are important considerations for ligand design for transition metal CRM complexes. 
There is also a rough correlation between lowest energy MLCT absorption bands and first 
reduction potentials. The latter supports the argument that the π* level populated by the dπ→π* 
transition is similar to that occupied by the first ligand reduction; i.e. the first ligand reductions 
are expect to be of the N^N ligands L1 – L9 in the complexes. Figure 4.4 illustrates the reversible 
sequence of three one electron reductions for Ru(bpy)32+, 1, 3, and 7. Notice that even though 
complex 1 contains only pyridine moieties, the ligand based reduction is at a lower potential than 
expected. The latter observation may be a result of inductive electron donation from the methyl 
groups. 
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 As might be predicted there is a correlation between the difference in potentials for the 
oxidation and first reduction potentials of each CRM, and the lowest energy absorption maxima 
assigned to the MLCT (dπ→π*). This result is in agreement with the origins of the HOMO and 
the LUMO are metal and ligand centered orbitals, respectively. The latter also illustrates the link 
between the molecular orbitals giving rise to the redox and optical properties of these CRM 
complexes. 
 
CONCLUSIONS 
 We have synthesized and characterized a series of Ru complexes of the type 
[Ru(bpy)2(N^N)]2+ with systematic variation of the N^N ligand to include varied amounts of 
conjugation and heteroatoms.  These systematic variations alter the ligand orbitals and thus 
influence the electrochemical and spectral properties of the complexes in both the ground and 
excited states.  We have shown that by careful control of ligand variation around CRM 
complexes, it is possible to tune the properties of these molecules to (1) increase light absorption 
across the visible region; (2) have excited states reduction potentials suitable for electron 
injection into TiO2 (conduction band energy -0.5 eV); and (3) have oxidized forms capable of 
activating WOCs.  The optimization of these properties is essential for the design and synthesis of 
a molecular chromophore-catalyst assembly capable of functioning as a photoanode in a DSPEC, 
a topic that will be covered in Chapters 7, 8, and 9. 
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CHAPTER 5 
Perylene Diimide as an Organic Dye and Semiconductor 
 
INTRODUCTION 
As the world continues to drive toward alternative energy sources, the sun remains the most 
attractive option as it provides the earth with an abundance of energy.  Utilization of solar energy 
requires the capture and storage of the energy due to the intermittent nature of the sun.  Although 
the Ru polypyridyl complexes in the last chapter offer a platform for tunable chromophore redox 
mediator (CRM) complexes, they use an expensive and rare earth metal.  Ideally inexpensive 
organic molecules would be used in place of Ru complexes in both dye-sensitized solar cells 
(DSSCs) and dye-sensitized photoelectrosynthesis cells (DSPECs).   
Many organic dyes are known to be effective sensitizers in DSSC configurations.1,2  Most of 
the work in this area has focused on increasing the photon-to-current efficiency of DSSCs to 
make cheap, scalable devices for solar power.3-6  For DSPECs, however, utilization of organic 
dyes has been more difficult due to the requirement that the oxidized dyes have the necessary 
potential for water oxidation.7-10  This places stringent demands on the dyes available for 
DSPECs.11  As mentioned in the last chapter, an ideal dye must (1) absorb throughout the visible 
and near-IR region of the electromagnetic spectrum, (2) be capable of efficient electron injection 
of excited state electrons into the conduction band of a semiconductor coated electrode (typically 
anatase TiO2), and (3) have a sufficient +/0 redox potential for water oxidation (>1.23 V vs. NHE 
at pH = 0).  Although intense research in DSSC technology has led to myriad organic dyes that 
meet requirements (1) and (2), the ability to operate with an easily oxidized redox mediator (i.e. I-
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/I3-) in acetonitrile for efficient photocurrent generation has led to very few options that meet 
requirement (3). 
An attractive option is the use of perylenediimide (PDI) dyes.  Derivatives of PDI have been 
used as electron transfer acceptors and are photo-stable, oxidatively and reductively stable, and 
stable in aqueous environments.12  These dyes are also strongly colored with large molar 
absorptivities and high fluorescence quantum yields.13  Furthermore, these dyes have been used in 
dyads and oligomers connected to electron transfer donors which show excited state electron 
transfer reactions to generate charge-separated states,14-23 a key feature necessary for the use of a 
dye in a DSPEC.  PDI derivatives also exhibit high redox potentials sufficient for water 
oxidation, and tend to have high energy emission, meaning the excited state would have 
appropriate energy to inject an electron into the conduction band of TiO2.24-26 
Currently the synthesis of asymmetric PDI derivatives is tedious and not amenable to much 
variation.23,27-30  Further, little work has been done with PDI anchored to TiO2.  Current literature 
reports coat TiO2 by dipping or spin-coating (as opposed to derivatization of the PDI with 
surface-binding groups such as phosphonates or carboxylates) and judge success based on device 
performance.12,24,26,31,32  Here we report a new solid state synthesis of PDI that allows direct 
attachment to metal oxide surfaces from the perylene dianhydride precursors.  Further reaction 
and functionalization of the surface bound perelyene moities was achieved through use of 
primary amines, giving rise to asymmetric PDI on TiO2 decorated with simple organic capping 
molecules (i.e. aniline) and redox-active metal sites.  Using this strategy, four new dyes on TiO2 
were synthesized (Figure 5.1).  The anchored dyes were also investigated by transient absorption 
spectroscopy which revealed a rapid charge separation followed by hole transfer to the redox-
active metal center. 
 
 82 
 
 
Figure 5.1.  Structure of the four PDI-based dyes synthesized and investigated in this work. 
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. Perylene-3,4,9,10-tetracaroboxylic dianhydride, cyclohexylamine, aniline, 
diethyl-4-aminobenzyl phosphonate, iron(II) chloride, and 70 % perchloric acid (99.999 % purity) 
were purchased from Aldrich and used as received.  Fluoride-doped tin oxide (FTO)-coated glass 
(Hartford Glass; sheet resistance 15 Ω cm-2) was cut into 11 mm X 35 mm strips and used as the 
substrate for ZrO2 or TiO2 nanoparticle films.  1,7-(4-tert-butylphenoxy)perylene-3,4:9,10-
tetracarboxylic dianhydride,33 4-([2,2′:6′,2′′-terpyridin]-4′-yl)aniline,34 1-hexylheptylamine,35 N-
cyclopentyl-N′-hexylheptyl-perylene-3,4,9,10-tetracarboxylic diimide,29 and [Fe(tpy-
PhNH2)2](PF6)236 were prepared as described in the literature.  All other reagents were ACS grade 
and used without additional purification. 
Metal Oxide Film.  nanoTiO2 films37 and nanoZrO2 films,38 typically 2.2 µm thick, coating an 
area, 11 mm X 25 mm, on FTO glass, were prepared according to previously published 
procedures.  Absorption of (4-aminobenzoic)phosphonic acid to films of nano-TiO2 or nano-ZrO2 
was achieved by immersing the thin films in a 6 mL of methanolic solution of (4-
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aminobenzoic)phosphonic acid with a concentration of 0.1 mM for 20 min.  The slides were 
removed, rinsed with methanol, and dried under a stream of nitrogen. 
Electrochemical and Photophysical Measurements. 
UV/Vis spectra were recorded on an Agilent Technologies Model 8453 diode array 
spectrophotometer.  Transient absorption measurements were carried out by inserting derivatized 
thin films at a 45° angle into a standard 10 mm path length square cuvette containing 0.1 M 
HClO4 aqueous solutions.  The top of the cuvette was fitted with an O-ring seal with a Kontes 
valve inlet to allow the contents to be purged with Argon.  Transient absorption spectroscopy was 
performed using a commercially available laser flash photolysis apparatus (Edinburgh 
Instruments, Inc., model LP920) with laser excitation (410-2500 nm; 5-7 ns FWHM) provided by 
a pulsed Nd:YAG (Spectra-Physics, Inc., model Quanta-Ray LAB-170-10) / OPO (VersaScan-
MB) laser combination.  Timing of the experiment was PC controlled via Edinburgh software 
(L900).  The white light output of the LP920 probe source, a 450W Xe lamp, was passed through 
a 400 nm long pass color filter before passing through the sample to minimize bandgap excitation 
of TiO2.  The LP920 was equipped with a multi-grating detection monochromator outfitted with a 
Hamamatsu R928 photomultiplier tube (PMT) in a non-cooled housing and a gated CCD 
(Princeton Instruments, PI-MAX3).  The detector was software selectable with the PMT for 
monitoring transient absorption kinetics at a single wavelength (10 ns FWHM IRF, reliable data 
out to 400 s, 300 nm – 900 nm) and the gated CCD for transient spectra covering the entire 
visible region (400-850 nm) at a given time after excitation with a typical gatewidth of 10 ns.  For 
PMT measurements, spectral bandwidth was typically <5 nm with color filters placed after the 
sample but before the detection monochromator to eliminate laser scatter.  Single wavelength 
kinetic data were the result of averaging 50 laser shots.  Kinetic data were analyzed using 
SigmaPlot (Systat, Inc.), Origin (OriginLab, Inc.), or L900 (Edinburgh, Inc.) software.  Data were 
collected at room temperature (295 ± 3 K). 
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Voltammetric measurements were made with a planar EG&G PARC G0229 glassy carbon 
millielectrode, a platinum wire EG&G PARC K0266 counter electrode, and Ag/AgCl EG&G 
PARC K0265 reference electrode. 
Synthesis of PDI Films.  1,7-perylene-3,4:9,10-tetracarboxylic dianhydride or 1,7-(4-tert-
butylphenoxy)perylene-3,4:9,10-tetracarboxylic dianhydride (50 µmol) and imidazole (6.0 g, 0.09 
mol) were placed in a glass test tube fitted with a rubber septum and degassed with N2.  The solid 
mixture was heated to 130 °C at which point the imidazole melted and a clear, orange/red 
solution was generated by the dissolution of the organic dye.  A slide coated with (4-
aminobenzoic)phosphonic acid was attached to a copper wire and lowered into the solution for 5 
min.  The slide was removed, immediately rinsed with MeOH, and dried under a stream of 
nitrogen.  Further functionalization was achieved by lowering the derivatized slide into a solution 
of aniline or [Fe(tpy-PhNH2)2]2+ (tpy-PhNH2 = 4-([2,2′:6′,2′′-terpyridin]-4′-yl)aniline) (0.1 mM) 
in acetonitrile at 70 °C for 10 min.  After reaction, the slides were rinsed with CH3CN and 
MeOH.  Absorption spectra of the films were obtained by placing dry, derivatized TiO2/FTO or 
ZrO2/FTO slides perpendicular to the detection bean path. 
 
RESULTS 
  Synthesis of the perylene dyes on metal oxide surfaces (TiO2 or ZrO2) was achieved by first 
loading FTO slides coated with thin films of metal oxide with 4-aminobenzyl phosphonic acid.  
Phosphonic acids are known to effectively bind to metal oxide surfaces.39  Following the binding 
of the phosphonic acid, the primary amine is left exposed on the surface.  Reaction of anhydrides, 
and specifically the perylene tetracarboxylic dianhydride (PTCA) or 1,7-(4-tert-
butylphenoxy)perylene-3,4:9,10-tetracarboxylic dianhydride (PTCA(OPhtBu)2), is known to 
occur readily at high temperature in imidazole melts.29  Thus this reaction was carried out in the 
solid state by dipping the functionalized thin-film slide into a solution of PTCA in imidazole at 
130 °C for 5 – 10 min.  One side of the dianhydride reacts with the surface-bound amine to 
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generate the succinimide functionality and effectively bind the perylene core to the surface.  This 
step-wise preparation leaves an exposed anhydride functionality, which was sequentially reacted 
with another primary amine to create surface-bound assemblies 1 – 4 (Scheme 5.1). 
 
Scheme 5.1.  Step-wise Solid-State Synthesis of PDI Assemblies on Metal Oxide Surfaces. 
 
The step-wise synthesis of 1 – 4 was monitored by UV-Visible spectroscopy (Figure 5.2). The 
spectral changes after each step are consistent with the addition of new components. A UV/vis 
spectrum of a slide with 4-aminobenzyl phosphonic acid (TiO2-PPh-NH2, Figure 5.2) shows no 
difference to the background absorption of the TiO2 thin film due to the fact that 4-aminobenzyl 
phosphonic acid only absorbs in the UV region, which is dominated by the absorption and 
scattering of the TiO2 thin film.   Addition of PTCA (IA) or PTCA(OPh
tBu)2 (IB) in the second 
step, however, has a marked effect (Intermediate A, IA, and Intermediate B, IB, Figure 5.2).  
New absorptions in the visible region appear due to the perylene dye.  IA has a λmax at 475 nm 
while IB is red-shifted and broad with a λmax of 510 nm.  Final reaction of the exposed anhydride 
functionality of IA and IB was achieved by dipping the slide into a 70 °C solution of aniline or 
[Fe(tpy-PhNH2)2]2+ in acetonitrile.  Addition of aniline caused a slight loss of structure of the 
peak in IA, but changes to both IA and IB were minimal (Figure S1 in Appendix D).  Addition of 
[Fe(tpy-PhNH2)2]2+ to give assemblies 3 and 4 also is seen in the UV/vis spectrum.  A new peak 
in both 3 and 4 appeared at 575 nm as well as a slight red-shift in the λmax of IA and IB by ~10 
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nm (Figure 5.2).  The λmax of 1 – 4 due to the perylene absorbance is approximately the same as 
soluble derivatives in CH3Cl (Figure S2 in Appendix D), although 1 – 4 show broader absorptions 
with a different distribution of the vibronic structure.  
 
 
Figure 5.2.  UV/vis spectra of each step in the reaction to form assemblies 3 and 4 showing the addition of 
the absorptions of both the perylene dye and the of [Fe(tpy-PhNH2)2]2+.  UV/vis spectra were taken by 
holding the thin-film area of the slide perpendicular to the spectrophotometer beam open to air at 298 ± 3K. 
 
Cyclic voltammetry (CV) of 1 – 4-TiO2 was done by immersing the slides in a 0.1 M 
perchloric acid solution using a slide of thin film TiO2 coated with 1 – 4 as the working electrode 
with a Ag/AgCl (3 M NaCl) reference (0.207 V vs. NHE) and a platinum mesh counter electrode 
at a scan rate of 10 mV/s.  On the surface, the perylene moieties in 1 – 4 are electrochemically 
silent: the expected oxidative couples that were observed in solution (Figure S3 in Appendix D) 
were not observed in 1 – 4.  It should be noted that the two expected reductions of 1 – 4 could not 
be investigated due to the conduction band edge of TiO2 (~0 V vs. NHE) that gives rise to a large 
background current.   Although no redox couples corresponding to the central perylene unit in 1 – 
4 were observed, a wave corresponding to the FeIII/II couple was seen for 3 and 4.  The CV of 3 is 
shown in Figure 5.3 and displays a reversible redox couple with E1/2 = 1.2 V vs. NHE, a value 
consistent with the FeIII/II potential of [Fe(tpy-PhNH2)2]III/II in solution.   Although scans to higher 
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potential fail to reveal the one-electron oxidation of the perylene core, the FeIII/II wave in 3 and 4 
provides evidence (vide infra) for the proposed structures of 3 and 4 where Fe is bound to the PDI 
cores, as [Fe(tpy-PhNH2)2] does not bind appreciably to TiO2. 
 
 
Figure 5.3.  CV of 3 attached to TiO2 in 0.1 M HClO4 with a Ag/AgNO3 reference and Pt mesh counter 
electrodes taken at 10 mV/s at 298 ± 3 K. 
 
Time-resolved absorption difference spectra and single wavelength kinetic measurements for 
1 – 4 on TiO2 and ZrO2 were collected.  The full spectrum of 1-TiO2 (Figure 5.4A) shows a 
bleach at 465 nm consistent with the ground state absorption of 1-TiO2 (Figure S1 in Appendix 
D) and positive features at 720 and 810 nm at the first observable time (20 ns).  These same 
spectral features are also present in 1-ZrO2 (Figure 5.4B).  2-TiO2 shows a similar set of features 
with a bleach at ~510 nm consistent with the ground state absorption of 2-TiO2 and a positive 
feature with a peak at 720 nm (Figure S4 in Appendix D).  Absorption – time traces following 
450 nm excitation for 1-TiO2, 1-ZrO2 and 2-TiO2 at 720 nm are shown in Figure 5.5.   The 
positive feature at this wavelength was long-lived in all cases with ~5 % of the original signal still 
remaining after 400 µs.  The comparison of 1-TiO2 and 1-ZrO2 for the first 10 µs is shown in 
Figure 5.5A and a longer timescale, 400 µs, for 1-ZrO2 is shown in Figure 5.5B. 
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Figure 5.4.  Full TA spectra of 1-TiO2 (A) at 20 ns (green) and 100 ns (pink) and 1-ZrO2 (B) at 20 ns in 0.1 
M HClO4 under Argon with a 4.6 mJ excitation at 450 nm at 298 ± 3 K. 
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Figure 5.5.  Absorption – time traces comparing 1-ZrO2 (green, A) and 1-TiO2 (pink, A) for the first 10 µs 
and 1-TiO2 (B) for the first 400 µs in Ar-deaerated 0.1 M HClO4 at 298 ± 3 K. 
 
TA results of 3 and 4 on ZrO2 are shown in Figure S4 in Appendix D.  The spectra of 3-ZrO2 
(Figure S4A in Appendix D) and 4-ZrO2 (Figure S4B in Appendix D) are qualitatively similar to 
the dyes without Fe, 1-ZrO2 and 2-ZrO2.  Both spectra show bleaches of the UV/vis ground state 
spectra at the earliest observable times with positive features centered at 720 nm that decay back 
to baseline over time.  The same behavior was also observed for TiO2-3 and TiO2-4 (Figure 5.6A 
and B respectively), although the signals for both bleach and the positive feature are more 
pronounced.  Unlike 1 and 2, the bleaches in 3 and 4 display an additional peak at 575 nm. This is 
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consistent with a ground state absorption spectrum bleach of [Fe(tpy-PhNH2)2]2+.  Both the bleach 
of PDI ground state as well as bleach for FeII are seen at earliest observable times, indicating 
rapid oxidation of FeII to FeIII.   
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Figure 5.6.  Full TA difference spectra of 3-TiO2 (A) at 20 ns (green) and 100 ns (pink) and 4-TiO2 (B) at 
20 ns (green), 100 ns (pink), and 1 µs (blue) in 0.1 M HClO4 under Argon with a 4.6 mJ excitation at 450 
nm at 298 ± 3 K. 
 
Comparisons of non-derivatized PDI (1-TiO2 and 2-TiO2) with Fe-derivatized PDI (3-TiO2 
and 4-TiO2) reveal similar kinetics for the decay of the 720 nm peak (Figures S5 – S8 in 
Appendix D).  Qualitatively, the full spectra of 3-TiO2 and 4-TiO2 are the same as 1-TiO2 and 2-
TiO2 with an additional bleach due to the FeII.  The absorption-time spectra reveal that the 
positive feature decays at approximately the same rate both with and without Fe present. 
 
DISCUSSION 
The new synthetic method for 1 – 4 directly bound to metal oxide surfaces is a versatile 
approach to molecular assemblies containing a perylene as the dye unit. Reactions on the surface 
of thin-film metal oxides were effectively monitored by UV/vis spectroscopy.  While the λmax is 
indicative of the addition of components to the surface, the vibronic structure gives a clue as to 
the actual assembly of 1 – 4 on the surface.  Broadening of the perylene transitions as well as a 
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relative intensifying of the higher energy vibration as compared to the solution spectra of the 
perylene dyes may indicate π-stacking or association between perylene centers on the surface.  
This behavior is well known in solution, where 1D structures of PDI molecules can be generated 
in polar solvents.12,40-42 ATR-IR spectra of 1 – 4 on the surface of TiO2 were obtained in an 
attempt to identify the succinimide or anhydride C=O stretches, however these data are 
inconclusive; no stretches were seen that match the powder samples of perylene-3,4,9,10-
tetracarboxylic dianhydride or perylene-3,4,9,10-tetracarboxylic diimide.    
For 3 and 4 [Fe(tpy-PhNH2)2]2+ was used as a hole-transfer acceptor to generate a charge 
separated species analogous to what would be needed in a DSPEC.  [Fe(tpy-PhNH2)2]2+ was 
chosen due to both a favorable FeIII/II potential (1.2 V vs. NHE) and the very distinct UV/vis 
spectrum that has a sharp peak at 575 nm for FeII, but no absorption at this wavelength when 
oxidized to FeIII.  This absorption can act as a probe to the redox state of the Fe.  Addition of Fe 
to the perylene intermediates IA and IB gives rise to a clear peak indicating Fe is incorporated 
into the assembly.  Since [Fe(tpy-PhNH2)2]2+ is not functionalized with metal oxide binding 
groups, the Fe is presumed to bind through the generation of the succinimide functionality on the 
perylene core.  To the amount of Fe that reacted with the perylene, molar absorptivities from 
solution UV/vis spectra for both the soluble PDI derivative and [Fe(tpy-PhNH2)2]2+ were used to 
fit the spectra of 3 and 4.  For 3, about 30 % of the perylene units are decorated with Fe and for 4, 
about 80 % are decorated with Fe (Figure 5.7).  
The origin of the lack of electrochemical response associated with the perylene moiety for 1 – 
4-TiO2 is unclear.  The Fe wave in 3 and 4 is distorted due to the need for electrons to travel from 
the electrode to the Fe via a hopping mechanism around the TiO2 particles, but it does look 
similar to other surface couples on TiO2 as this distortion is due to the semiconductor surface. 
 The bleach that is seen at the earliest observable time in the TA spectra for 1 – 4 bound to both 
TiO2 and ZrO2 is not readily explained.  No fluorescence was observed for 1 – 4 bound to a metal 
oxide, leading to the conclusion that fluorescence is quenched either by interactions between the 
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dyes or injection into the metal oxide. Since 1 – 4-ZrO2 also show fluorescence quenching where 
electron injection into the ZrO2 conduction band is energetically not possible, the fluorescence 
quenching is likely due to interactions between dyes. This and the fact that the bleaches last >400 
µs also suggests the bleach of UV/vis spectral features for 1 – 4-TiO2 and 1 – 4-ZrO2 is also not 
due to excited state either 1PDI* or 3PDI*.  An important spectral feature for deconvoluting the 
TA spectra is the 720 nm feature present in 1 – 4.  
 
 
IA
 
Figure 5.7.  UV/vis spectra of IA-TiO2 (orange), [Fe(tpy-PhNH2)2]2+ (in CH3CN, purple), 4-TiO2 (green), 
and an addition of IA and [Fe(tpy-PhNH2)2]2+ (blue).  Molar absorptivities of IA and 4 were estimated from 
the molar absorptivity of the soluble PDI unit of 4 in CH3Cl. 
 
This positive absorption as well as the positive feature seen ~810 nm is consistent with PDI  
and has been previously reported.42  It is also known that the radical mono- and di-anions of PDI 
are stable in deaearated water43 which could be part of the reason why this feature is long-lived in 
the TA spectroscopy.  Strangely, the PDI  spectral feature at 720 nm is present in all cases (1 – 
4-TiO2 and 1 – 4-ZrO2).  The only way to generate PDI on ZrO2 is through a rapid charge 
separation within the PDI film, an event that is not without literature precedent.  1D columnar 
structures of PDI in solution can act as excellent electron transport materials and can give charge 
separation rates of 1.4 x 1012 s-1; faster than the earliest observation times of the TA (10 ns).  
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Further, it has been noted that in these 1D structures, charge recombination is significantly 
slower, on the order of 4.6 x 108 s-1.41,42  What is most curious about the presence of the PDI , 
however, is the fact that there is no evidence for electron injection into TiO2 from this species in 1 
– 4, a reaction that is downhill by 0.2 eV (PDI-/0 ≈ -0.7 V vs. NHE and TiO2 CB = -0.5 V vs. NHE 
at pH = 1).  
 For 3 and 4-TiO2 and –ZrO2, there is an additional bleach in the TA spectra due to the loss of 
the FeII MLCT absorption.  The FeII bleach indicates oxidation of the Fe center to FeIII; a very 
rapid charge separation and hole collection by the attached FeII center since this bleach is at a 
maximum at 20 ns.  Ultrafast TA spectra are able to capture the growth of FeIII, which occurs in 
the first 10 – 20 ps.  The resultant charge separated state is long lived (>450 µs).  Rapid charge 
separation and slow recombination kinetics are known in the 1D π-stacked systems when a Zn 
porphyrin was incorporated.42   
The nature of the CS state remains unclear as kinetics of charge recombination for 1 – 4 are 
similar.  The thermodynamic driving force for charge recombination between 1 and 2 and 3 and 4 
are drastically different with the PDI  potential (1.6 V vs. NHE) 400 mV higher than the FeIII 
potential (1.2 V vs. NHE).  The electron seems to be “trapped” with the back electron transfer 
dynamics dependent on the energy penalty required for the electron to escape this trapped state.   
 
CONCLUSIONS 
 We have reported a new synthetic procedure that allows easy access to surface-bound PDI 
units in a step-wise manner. These chromophoric materials were functionalized with a variety of 
substituents, including redox active metal centers.  Upon photo-excitation of the films, rapid 
charge separation occurs leading to a long-lived charge separated state in 3 and 4 with the 
electron delocalized in the perylene layer and the holes on the Fe center. For 1 and 2 the fate of 
the hole and the nature of the charge-separated state is unclear.    
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The long-lived charge separated states reported here are promising for use of PDI as a dye in 
DSPEC devices.  The oxidation of the FeII center to FeIII indicates that hole collection is possible.  
Although the PDI  does not inject electrons into TiO2, the PDI film is effectively acting as a 
semiconductor; undergoing exciton formation and charge separation when excited with an 
appropriate wavelength of light.   
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CHAPTER 6 
Synthesis of Phosphonic Acid-Derivatized Bipyridine Ligands and Their Ruthenium Complexes 
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INTRODUCTION 
Solar cell designs based on the attachment of ruthenium polypyridyl complexes to metal 
oxides such as TiO2 have given rise to a family of solar cells based on the photosensitized 
injection of an electron from the chromophore redox mediator (CRM) complex into the 
conduction band of the metal oxide.1-7  The relatively long-lived excited states of ruthenium CRM 
complexes allow them to act as efficient sensitizers for electron injection upon light excitation.8-11  
Further, as mentioned in Chapter 4, careful control of ligand variation around CRM complexes 
makes it possible to tune the properties of these molecules.  Dye-sensitized solar cells (DSSCs) of 
this design generate electricity from sunlight with efficiencies currently approaching 12%.12,13   
In Dye-Sensitized Photoelectrosynthesis Cells (DSPEC) the redox equivalents generated from 
photo-excitation and injection are used in a two-compartment cell to oxidize water and reduce H+ 
or CO2 into fuels.14-17  As covered in Chapter 4, CRM complexes must meet several criteria; (1) 
absorb light broadly in the visible and near-IR, (2) be capable of excited state electron injection 
into the metal oxide conduction band in photoanode applications or hole injection for 
photocathodes, (3) have long-term stability at the oxide interface over a wide pH range in 
aqueous solution, under conditions of continuous solar illumination and redox cycling; and (4) 
have a suitable redox potential to drive water oxidation (>1.23 V vs. NHE at pH = 0) or 
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water/CO2 reduction.  In order to apply a range of CRM complexes to device design and 
fabrication, the CRM complexes must be anchored to a metal oxide electrode. 
In typical DSSCs, CRM complexes are anchored to TiO2 by organic or metal-ligand 
derivatives functionalized with carboxylic acids, with ester formation at the surface.4  Carboxylic 
acid groups are stable with respect to light and redox cycling in the acetonitrile environment 
typically used in most DSSC applications.  In aqueous environments, however, these anchoring 
groups quickly desorb from TiO2 by hydrolysis of the surface ester bonds. Phosphonic acid 
derivatives have been shown to be far more stable.18,19  Other functional groups including 
hydroxamates,20 silanes,21 and amides22 have also been investigated as anchoring groups. 
Implementation of each of these strategies has limitations. As noted above, carboxylates and 
maleonates, are not stable under operating conditions in water. Siloxanes and amides present 
significant synthetic challenges when tied to the requirements associated with synthesis of the 
ligands and subsequent complexes. Phosphonic acids are appealing in offering relatively stable 
surface binding in water at pH ≤ 5.11,18,23,24 
 
 
Figure 6.1.  Structures of the six complexes synthesized and characterized in this study.  Complexes with 
the methylene spacer are labeled “CP” followed by the number of functionalized bipyridines and with the 
ring directly functionalized by “P” followed by the number of phosphonate-substituted ligands. 
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Our interest in chromophore-catalyst assemblies has been primarily based on polypyridyl 
complexes of ruthenium. Literature procedures exist for the functionalization of polypyridyl 
ligands with phosphonic acids, however, easy access to these ligands on large scales and in few 
steps in high yield remains a bottleneck to the development of this area. We report here the 
synthesis of phosphonic acid-derivitized bipyridine ligands at the 4 and 4′ positions, both directly 
on the aromatic ring and with a methylene spacer. These new procedures typically involve two or 
three steps, are high yield, and require at most one column chromatographic separation.  We have 
also developed the coordination chemistry of these ligands with RuII through the synthesis of 
mono-, bis-, and tris-substituted complexes with both types of ligands. The complexes 
synthesized in this work are shown in Figure 6.1. 
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. 4,4′-dimethoxy-2,2′-bipyrimidine, 2,2′-bipyrimidine, and ruthenium 
trichloride trihydrate were purchased from Aldrich and used as received.  4,4′-dicarboxy-2,2′-
bipyridine,25 4,4′-dihydroxymethyl-2,2′-bipyridine,11 dichlororuthenium(II)cyclooctadiene 
polymer,26 and [(η6-C6H6)RuCl]2Cl227  were prepared as described in the literature.  All other 
reagents were ACS grade and used without additional purification.  Microwave reactions were 
carried out in Microwave Accelerated Reaction System, Model MARS®, 1200 W microwave 
oven with HP 500 plus Teflon vessels. 
Elemental analyses were conducted by Atlantic Microlab, Inc., Atlanta, Georgia. UV/vis 
absorption spectra were recorded on an Agilent Technologies Model 8453 diode-array 
spectrophotometer.  Electrochemical measurements were performed on a CH Instruments model 
660D potentiostat/galvanostat. Voltammetric measurements were made with a planar CHI104 3 
mm glassy carbon working electrode, a platinum wire CHI115 counter electrode, and a Ag/AgCl 
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CHI111 reference electrode (3 M NaCl, 0.207 V vs. NHE).  Mass spectra were collected by 
injection ESI (electrospray ionization) on a Bruker Daltonics, Inc., Billerica, MA, USA, BioToF 
Mass Spectrometer.  1H and 31P NMR spectra were recorded on Bruker Avance 400 MHz or 
Bruker 600 MHz spectrometers. 
Synthesis and characterization. 
Ligands 
4,4′-dicarboxy ethyl ester-2,2′-bipyridine.  This compound was synthesized by a modified 
literature procedure.11 Concentrated sulfuric acid (10 mL) was added to a mixture of 4,4′-
dicarboxy-2,2′-bipyridine (6.0 g, 0.025 mol) in absolute ethanol (150 mL).  The reaction was 
heated under argon at reflux for 4 h.  After cooling, the reaction was added to ice water (600 mL) 
and a white solid precipitated which was filtered, washed with water, and dried in a vacuum oven.  
Product was used without further purification.  Yield: 6.76 g (90%).  Characterization data 
matches literature values.11 
4,4′-dihydroxymethyl-2,2′-bipyridine.  This compound was prepared as previously 
reported.11 
4,4′-bis(bromomethyl)-2,2′-bipyridine.  This compound was synthesized by a modified 
literature procedure.11  A solution of 4,4′-dihydroxymethyl-2,2′-bipyridine (2.34 g, 0.011 mol) in 
48% HBr (60 mL) and concentrated sulfuric acid (20 mL) was heated at reflux overnight, then 
allowed to cool to room temperature.  Addition of water (120 mL), followed by neutralization 
(pH 7) with a concentrated aqueous sodium hydroxide solution led to the precipitation of a white 
solid.  The solid was collected by filtration and washed with water.  Yield: 2.58 g (75%).  
Characterization data matches literature values.11 
4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine.  This ligand was synthesized by a 
modified literature procedure that avoids the use of column chromatography for purification.28  A 
solution of 4,4′-dibromomethyl-2,2′-bipyridine (2.58 g, 7.5 mmol) in triethylphosphite (6.6 mL, 
37.7 mmol) was purged with argon for 15 minutes and then heated at 80 °C for 12 h.  The 
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reaction mixture was allowed to cool to room temperature and pentane (30 mL) was added 
causing the precipitation of an off-white solid.  Product was collected by vacuum filtration and 
washed with pentanes to remove any excess triethylphosphite. Yield: 3.35 g (98%).  1H NMR 
(400 MHz, CDCl3): δ 8.61 (d, 2H), 8.35 (t, 2H), 7.33 (dd, 2H), 4.09 (m, 8H), 3.25 (d, 4H), 1.29 (t, 
12H).  31P NMR (CDCl3): δ 24.4. 
4,4′-dibromo-2,2′-bipyridine.  Phosphorus oxybromide (52.8 g, 0.184 mol) was added drop-
wise to a stirred solution of 4,4′-dimethoxy-2,2′-bipyridine (5 g, 0.023 mol) in anhydrous DMF 
(80 mL) at 0 ºC. Stirring was continued at 0 ºC for 1 h and then the mixture was heated to 105 ºC 
for 18 h. Stirring was ceased and the reaction mixture was cooled to room temperature. To this 
mixture water (160 mL) was added, and the solution was neutralized with NaHCO3. The resulting 
precipitate was isolated by filtration and washed with water. The product was used without 
further purification.  Yield: 5.88 g (81 %) 
4,4′-dihydroxy-2,2′-bipyridine. This ligand was prepared by a modification of a literature 
procedure.29  A suspension of 4,4′-dimethoxy-2,2′-bipyridine (4.00 g, 18.5 mmol) in a mixture of 
glacial acetic acid (200 mL) and 48% hydrobromic acid (30 mL) was heated at reflux for 15 h.  
The solvent was then removed and the resultant residue was dissolved in water and neutralized 
(pH 7) with 70% ammonium hydroxide solution.  A white solid precipitated which was filtered 
and washed with water.  This product was used without further purification.  Due to very low 
solubility, 1H NMR characterization was not possible.  Yield: 1.65 g (47%). 
4,4′-ditrifluoromethanesulfonate-2,2′-bipyridine. This ligand was prepared in a similar 
manner to 2,2′:6′,2′′-terpyridine-4′-trifluoromethanesulfonate.30 Under an argon purge, 4,4′-
dihydroxy-2,2′-bipyridine (0.88 g, 4.7 mmol) was dissolved in anhydrous pyridine (20 mL) and 
the reaction was cooled to 0 °C.  Over 30 minutes, trifluoromethanesulfonic anhydride (1.6 mL, 
2.6 g, 9.4 mmol) was added and the reaction was allowed to warm to room temperature.  After 
stirring the reaction at room temperature for 16 h, it was poured into ice water (150 mL) and 
stirred for 30 minutes.  A white solid precipitated and was filtered, washed with water, and dried 
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in a vacuum oven.  Yield: 1.9 g (89%).  1H NMR (400 MHz, CDCl3): δ 8.77 (d, 1H), 8.40 (d, 
1H), 7.30 (dd, 1H). 
4,4′-bis(diethyl phosphonate)-2,2′-bipyridine.  Using Schlenk techniques to prevent air and 
moisture from entering the reaction vessel, diethyl phosphite (2.6 g, 20 mmol), 4,4′-
trifluoromethanesulfonate-2,2′-bipyridine,  (4.0 g, 8.8 mmol), and 
tetrakis[triphenylphosphine]palladium(0) (0.946 g, 0.819 mmol) were added to a flask under 
argon.  Anhydrous toluene (86 mL) and triethylamine (2.6 mL) were then added, and the reaction 
was heated to 110 ºC for 4 h.  The reaction mixture was filtered hot and the toluene was removed 
under vacuum.  Recrystallization of the resulting residue from refluxing hexanes gave light 
yellow needles of pure 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine.  Yield: 1.95 g (51%).  1H 
NMR (400 MHz, CDCl3): δ 8.81 (t, 2H), 8.75 (d, 2H), 7.70 (dd, 2H), 4.17 (m, 8H), 1.34 (t, 12H). 
31P NMR (CDCl3): δ 14.73. 
Complexes 
cis-Ru(bpy)2Cl2.  Dichlororuthenium(II) cyclooctadiene polymer (11.2 g, 40 mmol) and 2,2′-
bipyridine (12.5 g, 80 mmol) were suspended in o-dichlorobenzene (100 mL).  The reaction was 
heated to 190 °C under argon for 2 h.  The mixture was allowed to cool and a dark solid 
precipitated which was filtered and washed with diethyl ether.  Yield: 17.9 g (92%).  This product 
was used without further purification. 
cis-Ru((PO3Et2)2bpy)2Cl2. A suspension of RuCl3×3H2O (500 mg, 1.4 mmol), 4,4′-bis(diethyl 
phosphonate)-2,2′-bipyridine (1.2 g, 2.8 mmol), and zinc granule (327 mg, 5.0 mmol) was heated 
at reflux in ethanol (200 mL) for 12 h.  The reaction mixture was filtered hot and the solvent was 
removed from the filtrate under vacuum.  The resulting dark purple solid was collected, washed 
with Et2O and dried.  This product was used without further purification. Yield: 1.3 g (92%). 
cis-Ru((PO3H2)2bpy)2Cl2.  In order to hydrolyze the ester groups, cis-Ru((PO3Et2)2bpy)2Cl2 
(300 mg, 0.29 mmol) was dissolved in anhydrous acetonitrile (30 mL) and bromotrimethyl silane 
was added (8 eq).  The reaction was stirred at 70 °C for 48 hours, after which anhydrous 
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methanol (3 mL) was added and the reaction was stirred for 30 min.  The solvent was then 
removed under reduced pressure. The dark purple/black solid was collected and used without 
further purification. Yield: 223 mg (95%). 
 [Ru(η6-C6H6)(bpy)Cl]Cl.  This complex was synthesized by modification of a literature 
preparation.31  2,2′-bipyridine (1.00 g, 2.33 mmol) and [Ru(η6-C6H6)Cl]2Cl2 (583 mg, 1.17 mmol) 
were suspended in methanol (70 mL).  The reaction was heated at reflux under argon for 3 h.  The 
reaction was then filtered hot to remove any unreacted material and the solvent was removed on a 
rotary evaporator.  A yellow-brown solid resulted that was collected under diethyl ether and 
filtered.  This product was used without further purification.  Yield: 1.49 g (94%).  
[Ru(η6-C6H6)(bpy)OTf]OTf.  [Ru(η6-C6H6)(bpy)Cl]Cl (1.50 g, 3.69 mmol) was suspended in 
CH2Cl2 (50 mL) at room temperature and the solution was degassed with argon.  After adding a 
needle to vent HCl, trifluoromethanesulfonic acid (1.5 mL) was carefully added and the reaction 
was stirred for 2 h.  Upon addition of Et2O (200 mL), a dark green solid precipitated from 
solution.  The solid was filtered and washed with Et2O.  Yield: 2.22 g (95%).  1H NMR (600 
MHz, CD3OD): δ 9.84 (d, 2H), 8.59 (d, 2H), 8.38 (t, 2H), 7.91 (m, 2H), 6.38 (s, 6H).   
General Procedure for the complexes [Ru(NN)2(N′N′)]2+. 
Method A.  A solution of ligand (N′N′ = 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine, 4,4′-
bis(diethyl phosphonomethyl)-2,2′-bipyridine, or 2,2′-bipyridine) (1.03 mmol) and cis-
Ru(NN)2Cl2 (where NN = 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine or 2,2′-bipyridine) (1.03 
mmol) in EtOH/H2O (40 mL, 1:1, v:v) was heated at reflux under an atmosphere of argon.  The 
reaction was monitored by UV-Vis absorption spectroscopy and stopped when spectra ceased to 
change (4-12 h.).  The solvent was then removed on a rotary evaporator and the solid was 
collected and rinsed with Et2O.  
Method B.  A solution of [Ru(η6-C6H6)(bpy)OTf]OTf (0.50 mmol) and ligand (N′N′ = 4,4′-
bis(diethyl phosphonate)-2,2′-bipyridine or 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine) 
(1.00 mmol) in absolute EtOH (30 mL) was added to a Teflon vessel and heated in a microwave.  
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The temperature was ramped to 150 °C over 5 minutes and then held at 150 °C for 20 minutes.  
After cooling to room temperature, the ethanol was removed. 
Method C.  A solution of ligand (N′N′ = 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine (1.03 
mmol), 4.4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine (1.03 mmol), or 2,2′-bipyridine (3.09 
mmol)) and cis-Ru(NN)2Cl2 (where NN = 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine or 
bipyridine) (1.03 mmol) in absolute EtOH (30 mL) was added to a Teflon vessel and heated in a 
microwave.  The temperature was ramped to 150 °C over 5 minutes, then held at 150 °C for 20 
minutes.  After cooling to room temperature, the ethanol was removed. 
Hydrolysis.  The isolated [Ru(NN)2(N′N′)]2+ complexes were hydrolyzed after isolation 
without any prior purification.  [Ru(NN)2(N′N′)]2+ (0.50 mmol) was dissolved in 30 mL 
anhydrous CH3CN under an argon atmosphere.  Trimethylsilylbromide (1.02 equivalents per -
OEt group) was then added and the reaction was heated at 70 °C for 48 hours or until completion 
(as assessed by 1H NMR of an aliquot of the reaction mixture).  After cooling the reaction to 
room temperature, anhydrous MeOH (1.0 mL) was added and an orange solid precipitated from 
the reaction.  The orange solid was filtered and washed with cool CH3CN and Et2O. 
[Ru(bpy)2(4,4′-(PO3H2)2bpy)](Cl)2 (RuP). This complex was prepared as in Method A or 
Method C starting with cis-Ru(bpy)2Cl2 and 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine.  After 
hydrolysis of the ester groups, product was isolated as an orange solid and was found to be pure 
by NMR.  Yield: Method A (75%) Method C (85%).  1H NMR (400 MHz, D2O): δ 8.75 (d, 2H), 
8.51 (d, 4H), 8.03 (t, 4H), 7.91 (m, 2H), 7.79 (dd, 4H), 7.55 (dd, 2H), 7.35 (t, 4H).  31P NMR (400 
MHz, D2O): δ 6.78. Anal. Found (Calc) for C30H36Cl2N6O11P2Ru: C, 40.15 (40.46); H, 3.94 
(4.07); N, 9.45 (9.44). 
[Ru(bpy)(4,4′-(PO3H2)2bpy)2](Cl)2 (RuP2). This complex was prepared as in Method C 
starting with cis-Ru(4,4′-(PO3H2)2bpy)2Cl2 and 2,2′-bipyridine or as in Method B starting with 
4,4′-bis(diethyl phosphonate)-2,2′-bipyridine.  Pure product was isolated upon hydrolysis.  Yield: 
Method B (80%) Method C (88%).  1H NMR (400 MHz, D2O): δ 8.51 (d, 2H), 8.04 (t, 2H), 7.88 
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(m, 4H), 7.74 (d, 2H), 7.56 (dd, 4H), 7.37 (t, 2H).  31P NMR (400 MHz, D2O): δ 6.74. Anal. 
Found (Calc) for C30H44Cl2N6O20P4Ru: C, 32.75 (32.62); H, 3.18 (4.02); N, 7.65 (7.61). 
[Ru(4,4′-(PO3H2)2bpy)3](Cl)2 (RuP3).  This complex was prepared as in Method A starting 
with cis-Ru(4,4′-(PO3H2)2bpy)2Cl2 and hydrolyzed 4,4′-bis(phosphonic acid)-2,2′-bipyridine, 
although better results were found for an alternative synthesis as follows. A solution of 
hydrolyzed 4,4′-bis(phosphonic acid)-2,2′-bipyridine (150 mg, 0.47 mmol) and RuCl3 x 3H2O (31 
mg, 0.12 mmol) in 20 mL of 1:1 EtOH/H2O were heated in a microwave reactor.  The reaction 
was heated at 160 °C for 15:00 min with a 5:00 min ramp to temperature.  After allowing the 
reaction to cool, EtOH (30 mL) was added and the product precipitated as a red, microcrystalline 
solid which was collected by filtration and washed with EtOH and Et2O.  Yield: 46 mg (94%).  
1H NMR (400 MHz, D2O): δ 8.76 (d, 6H), 7.86 (dd, 6H), 7.58 (dd, 6H).   31P NMR (400 MHz, 
D2O): δ 6.28.  Anal. Found (Calc) for C30H35ClN6O21P6Ru: C, 31.90 (31.66); H, 3.19 (3.10); N, 
7.37 (7.39). 
[Ru(bpy)2(4,4′-(CH2PO3H2)2bpy)](Cl)2 (RuCP). This complex was prepared as in Method A 
or Method C starting with cis-Ru(bpy)2Cl2 and 4.4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine.  
After hydrolysis, complex was run down a Sephadex LH-20 column eluting with H2O.  Yield: 
Method A (55%) Method C (68%).  1H NMR (400 MHz, D2O): δ 8.36 (d, 4H), 8.27 (t, 2H), 7.87 
(tdd, 4H), 7.77 (dd, 2H), 7.67 (dd, 2H), 7.51 (d, 2H), 7.19 (m, 4H), 7.10 (dt, 2H), 3.03 (d, 4H).  
31P NMR (400 MHz, D2O): δ 19.03.  Anal. Found (Calc) for C32H38Cl2N6O10P2Ru: C, 42.91 
(42.68); H, 4.55 (4.25); N, 9.36 (9.33). 
[Ru(bpy)(4,4′-(CH2PO3H2)2bpy)2](Cl)2 (RuCP2). This complex was prepared as in Method 
B starting with 4.4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine. After hydrolysis, the complex 
was run down a Sephadex LH-20 column eluting with H2O.  Yield: (62%).  1H NMR (400 MHz, 
D2O): δ 8.51 (d, 4H), 8.45 (s, 2H), 8.01 (t, 4H), 7.88 (d, 2H), 7.81 (d, 2H), 7.69 (d, 2H), 7.34 (m, 
4H), 7.26 (s, 2H), 3.29 (d, 4H).  31P NMR (400 MHz, D2O): δ 17.35, 17.23.  Anal. Found (Calc) 
for C34H44Cl2N6O16P4Ru: C, 37.79 (37.51); H, 4.33 (4.07); N, 7.52 (7.72). 
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[Ru(4,4′-(CH2PO3H2)2bpy)3]Cl2 (RuCP3).  A solution of ligand, 4.4′-bis(diethyl 
phosphonomethyl)-2,2′-bipyridine, (500 mg, 1.5 mmol), RuCl3 x 3H2O (126 mg, 0.48 mmol), and 
Zn granule (65 mg, 1 mmol) in 30 mL of 1:1 EtOH/H2O was heated at reflux under N2 overnight.  
The reaction was allowed to cool and the solvent was removed on a rotary evaporator.  The 
product was then hydrolyzed with trimethylsilylbromide in CH3CN.  After hydrolysis the product 
was purified on a Sephadex LH-20 column eluting with water.  Like fractions were combined and 
the solvent removed to give a dark orange powder.  Yield: 434 mg (75%). 1H NMR (600 MHz, 
D2O): δ 8.27 (s, 6H), 7.61 (d, 6H), 7.10 (d, 6H), 3.11 (d, 12H).  31P NMR (600 MHz, D2O): δ 
18.07.  Anal. Found (Calc) for C36H60Cl2N6O27P6Ru: C, 31.59 (31.64); H, 3.55 (4.43); N, 6.10 
(6.15). 
 
RESULTS 
Ligand Synthesis.   
Synthesis of 4,4′-(CH2PO3Et2)2bpy.  The route to these complexes that proved to be most 
successful resulted in a significant improvement over two modified literature procedures.11,28 
First, 4,4′-dimethyl-2,2′-bipyridine was oxidized by reaction with potassium dichromate in 
concentrated sulfuric acid, followed by treatment with nitric acid to give 4,4′-dicarboxy-2,2′-
bipyridine.  Esterification of the carboxylic acid groups was accomplished in absolute ethanol by 
addition of a catalytic amount of sulfuric acid.  After 12 hours, a white solid precipitated from the 
mixture.  Isolation of the precipitate, followed by dissolution in water and neutralization with 
base gave the desired product as a white, crystalline solid.  Reduction of the ester groups was 
accomplished with sodium borohydride in methanol to give 4,4′-dihydroxymethyl-2,2′-
bipyridine.  4,4′-dihydroxymethyl-2,2′-bipyridine was then converted into 4,4′-dibromomethyl-
2,2′-bipyridine in a mixture of 48 % HBr and sulfuric acid. Finally, 4.4′-bis(diethyl 
phosphonomethyl)-2,2′-bipyridine was synthesized by heating 4,4′-dibromomethyl-2,2′-
bipyridine in neat triethylphosphite.  The product precipitates upon addition of excess pentane to 
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give analytically pure 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine in greater than 90% 
yield without either high vacuum distillation of the excess triethylphosphite or column 
chromatography.  The desired compound was obtained in 68% overall yield from 4,4′-dimethyl-
2,2′-bipyridine. 
 
 
Figure 6.2.  1H and 31P NMR spectra in CDCl3 at 295 K of 4,4′-bis(diethyl phosphonomethyl)-2,2′-
bipyridine showing the expected aromatic and aliphatic resonances. 
 
The ligand was found to be pure by 1H and 31P NMR (Figure 6.2). The 1H NMR spectrum 
consists of three resonances in the aromatic region for the three ring protons.  Of note is the large 
 108 
 
doublet at 3.25 ppm due to the –CH2– spacer between the bipyridine and phosphonate groups that 
has a 2JHP of 24 Hz.  The ester groups of the phosphonates appear at 4.09 and 1.29 ppm.  The 
proton-decoupled 31P NMR spectrum shows only a singlet at 24.4 ppm. 
Synthesis of 4,4′-(PO3Et2)2bpy.  This ligand was synthesized by two different routes from 4,4′-
dimethoxy-2,2′-bipyridine. In the first method, 4,4′-dimethoxy-2,2′-bipyridine was refluxed in a 
mixture of acetic acid and 48% hydrobromic acid to form 4,4′-dihydroxy-2,2′-bipyridine.  A 
white crystalline solid precipitated from the reaction mixture, which was filtered, dissolved in 
water, and precipitated by neutralization of the solution with ammonium hydroxide to yield clean 
4,4′-dihydroxy-2,2′-bipyridine. It was converted to 4,4′-ditrifluoromethanesulfonate-2,2′-
bipyridine by reaction with trifluoromethanesulfonic anhydride in pyridine at 0 °C following a 
procedure similar to the one reported for a related terpyridine derivative.30  Addition of the 
reaction mixture to ice water precipitated clean product in good yield.   
In the second method, 4,4′-dimethoxy-2,2′-bipyridine was converted directly to 4,4′-dibromo-
2,2′-bipyridine.  Phosphorous oxybromide was carefully added to a solution of 4,4′-dimethoxy-
2,2′-bipyridine in anhydrous DMF at 0 °C.  After stirring for one hour, the reaction was heated to 
105 °C overnight.  The product was isolated by aqueous work-up as pure 4,4′-dibromo-2,2′-
bipyridine.  It must be noted, however, that better results in the following step were achieved if 
the 4,4′-dibromo-2,2′-bipyridine product was run down a plug of silica, which likely removes a 
small amount of an inorganic impurity that is not observable in the 1H NMR.   
In both methods the corresponding triflate- or bromo-functionalized bipyridine compound was 
reacted with diethylphosphite using a tetrakis[triphenlyphosphine]palladium(0) catalyst followed 
by recrystallization from hexanes to give analytically pure 4,4′-bis(diethyl phosphonate)-2,2′-
bipyridine.  We have found the purity of the Pd catalyst to be crucial. The use of pure 
tetrakis[triphenlyphosphine]palladium(0) negates the use of excess triphenylphosphine in the 
cross-coupling reaction, which not only improves the purity of the product, but also prevents the 
need for column chromatography.  The synthesis of these ligands is summarized in Scheme 6.1. 
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Scheme 6.1.  Synthesis of 4.4′-bis(diethyl phosphonate)-2,2′-bipyridine by Two Routes. 
 
 
 Recrystallization results in pure ligand as demonstrated by 1H and 31P NMR spectra (Figure 
6.3).  There is no evidence for excess triphenylphosphine or triphenylphosphineoxide in the 
product. These are impurities that are seen when excess PPh3 is used in the synthesis, and both 
are difficult to separate from the desired product by column chromatography.  The 1H NMR 
spectrum shows the expected three aromatic peaks (a triplet at 8.81 ppm, a doublet at 8.75 ppm, 
and a doublet of doublets at 7.70 ppm) as well as the characteristic ethyl ester resonances from 
the phosphonates with the –P–O–CH2– appearing as a complex multiplet at 4.17 ppm due to the 
diastereotopic nature of the protons and coupling to the phosphorous.  The proton-decoupled 31P 
NMR shows the a singlet at 14.7 ppm. 
Although most reactions with ruthenium were carried out using the ligand as the phosphonate 
ester, the ligand can also be hydrolyzed prior to complexation.  Hydrolysis was achieved by 
stirring the ligand in anhydrous CH3CN with trimethylsilylbromide at room temperature.  
Hydrolyzed ligand (4,4′-bis(phosphonic acid)-2,2′-bipyridine) is more reactive toward 
coordination in EtOH/H2O mixtures due to the electron donating nature of the deprotonated acid 
groups under these conditions relative to the electron withdrawing esters.  The 1H NMR spectrum 
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of 4,4′-bis(phosphonic acid)-2,2′-bipyridine ligand is similar to that of the non-hydrolyzed ligand.  
(Figure S1 in Appendix E). 
 
 
 
Figure 6.3.  1H NMR (top) and 31P NMR (bottom) in CDCl3 at 295 K of P showing aromatic and aliphatic 
signals. 
 
Complex Synthesis.   
Synthesis of ruthenium complexes with one phosphonate-derivatized ligand [Ru(bpy)2(NN)]
2+ 
(where NN is 4,4′-bis(phosphonic acid)-2,2′-bipyridine or 4,4′-bis(methylphosphonic acid)-2,2′-
bipyridine).  Essential to the synthesis of pure [Ru(bpy)2(NN)]2+ analogs is the use of pure cis-
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Ru(bpy)2Cl2. The reaction of [Ru(COD)Cl2]n (COD = 1,5-cyclooctadiene) polymer with two 
equivalents of 2,2′-bipyridine in o-dichlorobenzene at 190 °C under argon for 45 minutes results 
in pure cis-[Ru(bpy)2Cl2], free of [Ru(bpy)3]2+. The neutral product wasa isolated in >95% yield 
by addition of diethyl ether to the cooled reaction mixture.   
To synthesize the complex with the phosphonate-derivatized ligand, cis-[Ru(bpy)2Cl2] was 
reacted either thermally with one equivalent of ligand (4,4′-bis(diethyl phosphonate)-2,2′-
bipyridine or 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine) in refluxing 1:1 EtOH:H2O, or 
in a microwave reactor with three equivalents of ligand (4,4′-bis(diethyl phosphonate)-2,2′-
bipyridine or 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine) in absolute ethanol at 150 °C  to 
give [Ru(bpy)2(NN)]2+.  Hydrolysis of the ester groups was accomplished either by heating the 
crude product with trimethylsilylbromide under anhydrous conditions in CH3CN at 70 °C, or by 
heating the crude product at reflux in 4 M HCl.  In both cases, complete hydrolysis takes 48 
hours.  
Synthesis of ruthenium complexes with two phosphonate-derivatized ligands 
([Ru(N′N′)(NN)2]
2+, where N′N′ is a bidentate ligand and NN is 4,4′-bis(phosphonic acid)-2,2′-
bipyridine or 4,4′-bis(methylphosphonic acid)-2,2′-bipyridine).  For phosphonate-derivatized 
bipyridine ligands, the straightforward procedure used to prepare the parent [Ru(bpy)2Cl2] 
described above was not successful in forming bis ligand complexes. High temperature reactions 
either cause oligomerization through formation of P-O-P bonds or create synthetic problems due 
to solubility complications.  
Two viable routes to the effective synthesis of these complexes have been disocvered.  The 
first involves reaction of [(η6-C6H6)Ru(N′N′)OTf]OTf with two equivalents of 4,4′-bis(diethyl 
phosphonate)-2,2′-bipyridine or 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine in 1:1 
EtOH/H2O under refluxing conditions.  The use of the triflate complex allows for thermal 
removal of the benzene at lower temperatures conducive to the synthesis of phosphonate-
derivatized complexes.  This procedure can also be carried out in a microwave at 150 °C in the 
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same solvent mixture but using three equivalents of 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine 
or 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine. 
An alternate procedure involves synthesis of Ru(4,4′-(PO3Et2)2bpy)2Cl2 which can be used in 
many downstream reactions analogous to reactions available with Ru(bpy)2Cl2.  This complex 
can be prepared by refluxing RuCl3×3H2O with two equivalents of 4,4′-bis(diethyl phosphonate)-
2,2′-bipyridine with zinc powder in ethanol.  The reaction was monitored by UV/vis absorption 
spectroscopy to detect any appearance of [Ru((PO3Et2)2bpy)3]2+.  For 4,4′-bis(diethyl 
phosphonate)-2,2′-bipyridine, the addition of ligands with electron withdrawing groups decreases 
the rate of substitution for a third ligand.  Over 12 hours, no [Ru((PO3Et2)2bpy)3]2+ was formed 
and pure Ru((PO3Et2)2bpy)2Cl2 was isolated.  This procedure was also attempted with 4,4′-
bis(diethyl phosphonomethyl)-2,2′-bipyridine, but due to the more electron-rich nature of these 
ligands and the correspondingly facile substitution chemistry at Ru, Ru((CH2PO3Et2)2bpy)2Cl2 
could not be cleanly separated from [Ru((CH2PO3Et2)2bpy)3]2+. 
Due to the difficulty in adding a third ligand to Ru(4,4′-(PO3Et2)2bpy)2Cl2 (which allowed it to 
be prepared cleanly) it proved necessary to carry out reactions of Ru(4,4′-(PO3Et2)2bpy)2Cl2 with 
another ligand in a microwave reactor in absolute ethanol at 150 °C with an excess of the free 
bidentate ligand. This procedure is general and can be used to add a variety of bidentate, 
polypyridyl ligands.  The incorporation of 2,2′-bipyrimidine as the third ligand illustrates this 
strategy.  Furthermore, 2,2′-bipyrimidine addition does not result in the formation of dimers with 
the bipyrimidine acting as a bridge. Rather, clean conversion to [Ru((PO3Et2)2bpy)2(bpm)]2+ 
occurs.  
If a thermal reaction is preferable for addition of a third ligand, the ester groups of 
Ru((PO3Et2)2bpy)2Cl2 can be hydrolyzed to give the more reactive Ru((PO3H2)2bpy)2Cl2 with de-
esterification achieved by using trimethylsilylbromide.  Refluxing in 4 M HCl is effective, but 
yields for the addition of the third ligand were low with this method.  We suspect that this may be 
due to partial oxidation of the Ru center during hydrolysis with resulting RuIII not reactive toward 
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a third ligand.  After hydrolysis, a third ligand is easily added in refluxing 1:1 EtOH/H2O and the 
resulting complex can be purified by column chromatography. 
Synthesis of ruthenium complexes with three phosphonate-derivatized ligands 
([Ru(NN)3]
2+where NN is 4,4′-bis(phosphonic acid)-2,2′-bipyridine or 4,4′-bis(methylphosphonic 
acid)-2,2′-bipyridine).  To make complexes with three phosphonate-derivatized ligands, cis-
Ru((PO3H2)2bpy)2Cl2 was first prepared as previously described.  This intermediate was then 
reacted with hydrolyzed 4,4′-bis(phosphonic acid)-2,2′-bipyridine in refluxing 1:1 EtOH/H2O.  
This method was found to be more efficacious than directly synthesizing the tri-substituted 
complexes using non-hydrolyzed 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine due to slow ligand 
substitution of the ester complexes as noted above.  An alternate preparative method that gave 
better yields involved the reaction between RuCl3×3H2O and hydrolyzed 4,4′-bis(phosphonic 
acid)-2,2′-bipyridine in 1:1 EtOH/H2O in a microwave at 160 °C.  Upon cooling and addition of 
excess EtOH, the product precipitated as a red microcrystalline solid.  
Since the ester derivative of 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine is much more 
reactive than 4,4′-bis(diethyl phosphonate)-2,2′-bipyridine, synthesis of RuCP3 was achieved by 
direct reaction of RuCl3×3H2O and 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine.  Overnight 
reflux of RuCl3×3H2O and 3.3 equivalents of 4,4′-bis(diethyl phosphonomethyl)-2,2′-bipyridine 
in a 1:1 mixture of EtOH/H2O with added zinc to reduce the RuIII gave RuCP3 in good yield.  
The crude product was isolated and the ligands were hydrolyzed in anhydrous CH3CN with added 
trimethylsilylbromide.  After hydrolysis the product was purified by column 
chromatography(Sephadex LH-20).  
Spectroscopic and Electrochemical Characterization.  UV/vis absorption measurements of 
RuP(1-3) and RuCP(1-3) were obtained in 0.1 M HClO4 containing 1.0 x 10-5 M complex 
(Figure 6.4).  Typical of Ru polypyridyl complexes, all six complexes have characteristic 
absorbance bands in the visible region of the spectrum due to MLCT transitions.  The band shape 
of each complex is similar with maxima that vary slightly from 456 to 464 nm.  For the RuP 
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series (RuP, RuP2, and RuP3), the low-energy edge of the MLCT absorption sharpens with each 
consecutive addition of a phosphonate-derivatized ligand.  Similarly, the ligand-centered 
transition around 290 nm also red shifts slightly.  Further, with the consecutive addition of 4,4′-
bis(phosphonic acid)-2,2′-bipyridine ligands, the molar absorptivity increases from 13300 M-1cm-
1 at 457 nm to 17300 M-1cm-1 at 463 nm.  For the RuCP series (RuCP, RuCP2, and RuCP3), all 
the absorbance spectra are similar to one another with extinction coefficients and the MLCT and 
interligand →* bands nearly constant across the series. 
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Figure 6.4.  UV/vis absorption spectra for the RuP series (A: RuP (black), RuP2 (red), and RuP3 (blue)) 
and RuCP series (B: RuCP (black), RuCP2 (red), and RuCP3 (blue)) with an MLCT absorption 
appearing at ~460 nm for each complex. 
 
Cyclic voltammetry (CV) was carried out at glassy carbon disk or FTO coated glass slides as 
the working electrode, a Ag/AgCl (3 M NaCl, 0.207 V vs. NHE) reference electrode, and a 
platinum counter electrode in buffered aqueous solutions with added 0.5 M KNO3 or 0.5 M 
NaClO4.  The electrochemistry of the complexes was examined both in solution by dissolving 
them in a buffer (pH 1 and pH 7), and on a surface by immersing a planar FTO slide in a 1 mM 
solution (0.01 M HNO3) of complex for 1 h and using the modified slide as the working electrode 
in 0.1 M HClO4.   
CVs of RuP, RuP2, and RuP3 anchored to FTO are shown in Figure 6.5A with square wave 
(SW) voltammograms shown in Figure 6.5B.  Each complex displays a characteristic RuIII/II 
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reversible redox couple with E1/2 ranging from 1.29 V for RuP to 1.40 V (vs. NHE) for RuP3.  
The peak-to-peak separation is <60 mV, characteristic of a surface-bound redox couple.  Of note, 
RuP3 displays several additional waves in the CV at lower potentials than the RuIII/II wave.  
These waves are present from the first cycle and are likely due small amounts of complexes with 
a polypyridyl ligand substituted by water or anions (Cl- or NO3-). 
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Figure 6.5.  A) Cyclic voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), B) square wave 
voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), C) cyclic voltammograms of RuCP 
(black), RuCP2 (red), and RuCP3 (blue), and D) square wave voltammograms of RuCP (black), RuCP2 
(red), and RuCP3 (blue) loaded on a planar FTO coated glass slide (1x10-10 mol/cm2) in 0.1 M HClO4 with 
a 100 mV/s scan rate at 298 ± 3 K. 
 
In voltammograms of the RuCP series anchored to FTO-coated glass slides in 0.1 M HClO4, 
reversible RuIII/II waves appear but with differences from the RuP series. For these complexes, 
the trend of increasing redox potentials with the addition of phosphonic acid-derivatized ligands 
is reversed with E1/2 for the RuIII/II couple for RuCP at 1.19 V and the E1/2 for RuCP3 at 1.15 V 
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(vs. NHE). E1/2 values for the RuIII/II couples for the entire series also occur at much less positive 
potentials than their RuP analogs with differences of 100 – 250 mV.  In addition to the RuIII/II 
potentials of the complexes bound to FTO slides, the RuIII/II potentials in solution at pH = 1 HNO3 
and pH = 7.49 (0.1 M phosphate buffer) are also reported in Table 6.1.  The trends are similar in 
solution are similar to those seen for complexes anchored to FTO, although complications arise 
from background, catalytic oxidation of chloride by the complexes (Figures S4 and S5 in 
Appendix E). This arises from the Cl- ions that balance the charge of the complexes as 
synthesized. Spectroscopic data are also summarized in Table 6.1. 
 
Table 6.1.  Summary of Spectroscopic and Electrochemical Properties of the Ru Complexes.  
Complex 
λabs maxa (nm)    
[ε (M-1cm-1)] 
E1/2 RuIII/II (V vs. NHE) 
pH = 1.0b pH = 7.49c pH = 1.0 on FTOd 
[Ru(bpy)3]Cl2 453 [14700] 1.26 1.26 -- 
[Ru(bpy)2(CPbpy)]Cl2 (RuCP) 456 [11800] 1.21 1.12 1.19 
[Ru(bpy)(CPbpy)2]Cl2 (RuCP2) 460 [10700] 1.15 1.02 1.19 
[Ru(CPbpy)3]Cl2 (RuCP3) 462 [11200] 1.12 0.96 1.15 
[Ru(bpy)2(Pbpy)]Cl2 (RuP) 457 [13300] 1.26 1.16 1.29 
[Ru(bpy)(Pbpy)2]Cl2 (RuP2) 464 [14200] 1.31 1.16 1.34 
[Ru(Pbpy)3]Cl2 (RuP3) 463 [17300] 1.36 1.39 1.40 
(a) Spectra were obtained in 0.1 M HClO4 with 1.0 x 10-5 M complex. (b) Numbers from DPV in 0.1 M HClO4 with 1 
mM complex. (c) Numbers from DPV in 0.1 M phosphate buffer pH = 7.49 with 0.5 M NaClO4 and 1 mM complex.  
(d) 0.1 M HClO4. 
 
Discussion 
 Synthesis of Ligands and Complexes.  Phosphonic-acid substituents are desirable for DSPEC 
applications because of their documented stability in anchoring CRM complexes to metal oxide 
surfaces under conditions of irradiation and potneitals leading to electrochemical oxidation.32  
Our focus in this manuscript is on the improvement of synthetic routes phosphonate-derivatized 
bipyridine ligands and their complexation with RuII. As Ru(bpy)32+ analogs they have proven to 
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behave as effective photo-sensitizers and have desirable properties as light absorbing dyes in 
DSPEC applications.   
Literature procedures for the synthesis of phosphonate-derivatized ligands with –CH2– spacers 
are available through 4,4′-(CH2Br)2-2,2′-bpy as a starting material. Its synthesis has been reported 
from commercially available 4,4′-dimethyl-2,2′-bipyridine by reaction with N-bromosuccinimide 
and azobisisobutyronitrile in CCl4.33  However, we have not been able to produce significant 
yields with the published procedure.  Further, our overall yield for 4,4′-(CH2PO3Et2)2-2,2′-
bipyridine through an alternate route to 4,4′-(CH2Br)2bpy is higher than the reported yield for 
4,4′-(CH2Br)2bpy by direct bromination using NBS.  Another approach to 4,4′-(CH2Br)2bpy is to 
first synthesize the trimethylsilyl adduct followed by reaction with an electrophilic bromide 
source in the presence of cesium fluoride.34  Although the preparation we report has more steps, 
overall yields are high, and relatively pure product is obtained after straightforward 
recrystallization of the final phosphonate-derivatized ligand.  
 An important aspect of utilizing a CRM in DSPEC applications is efficient excited state 
electron injection into TiO2.  For this purpose literature results point to the importance of having 
the phosphonate groups bound directly to the aromatic ring. As reported by G. Meyer et. al., 
bipyridines with phosphonates directly bound to the 4,4′ positions have nearly 40% higher 
incident-photon-to-current efficiencies (IPCEs) than phosphonate-derivatized bipyridines with 
methylene spacers.11   
Often phosphonate-derivatized bipyridines with methylene spacers are used because of their 
accessibility and higher synthetic yields.  With our modified procedures, however, the derivatives 
with phosphonates directly bound are more easily accessible in high yields and with fewer steps 
than previously reported.  Either 4,4′-trifluoromethanesulfonate-2,2′-bipyridine or 4,4′-dibromo-
2,2′-bipyridine can be used in the coupling step with good yield.  In general, use of 4,4′-dibromo-
2,2′-bipyridine gives overall better yields than the triflate intermediate because it involves fewer 
synthetic steps. However, it does require the use of a reagent, POBr3, which is more expensive 
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and more difficult to handle.  4,4′-dibromo-2,2′-bipyridine can also be purchased directly from 
suppliers at similar or lower cost than the reagents required for the synthesis, which makes the 
phosphonate-derivative only one step away from a commercially available reagent.  This is 
perhaps the most economical route to 4,4′-(PO3Et2)2-2,2′-bipyridine. 
 Our most significant finding in the synthesis of 4,4′-(PO3Et2)2-2,2′-bipyridine is the care 
required for the Pd-catalyzed cross coupling reaction in the final step.  Pure Pd(PPh3)4 and 
rigorously air-free conditions are necessary in order to avoid excess PPh3.  In typical cross 
coupling reactions catalyzed by Pd(PPh3)4 or Pd(PPh3)2Cl2, an excess of PPh3 is used to increase 
the turnover number of the Pd catalyst, which is not required for this reaction. The addition of 
excess PPh3 is detrimental to the yield and complicates isolation of pure 4,4′-(PO3Et2)2-2,2′-
bipyridine because at the end of the reaction the excess PPh3 and triphenylphosphine oxide by-
product must be removed by careful column chromatography.  When the reaction is run without 
excess PPh3, 4,4′-(PO3Et2)2-2,2′-bipyridine can be recrystallized from hexanes in excellent yield 
in high purity. In fact, the purity of 4,4′-(PO3Et2)2-2,2′-bipyridine synthesized in this manner is 
better (as determined by 1H NMR) than after using column chromatography for purification (after 
adding excess PPh3). 
The synthesis of ruthenium complexes with phosphonate-derivatized ligands is challenging. 
We have discovered discrepancies in literature reports for the synthesis, characterization, and 
properties of these complexes. For example, RuP2 has been reported to have a negligible IPCE in 
acetonitrile,35 in contrast to our results.32  Moreover, the reported 1H NMR spectrum of RuP2 in 
D2O/NaOD consists of three unresolved multiplets, while the λmax for its MLCT transition was 
reported at 488 nm – values significantly different to those reported here.  The product 
synthesized by our procedure has IPCE characteristics that are similar to those of analogs RuP 
and RuP3.32 For this complex, the low energy MLCT visible maximum occurs at λmax = 458 nm, 
and its 1H NMR spectrum shows 7 clearly resolved resonances (2 in Figure 6.6).  In addition, the 
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phosphonate-derivatized complexes are highly soluble in aqueous media without addition of 
NaOD(H).   
A comparison of 1H NMR spectra for RuP, RuP2, and RuP3 is shown in Figure 6.6.  There 
are 4 clear resonances for the 8 aromatic bipyridine protons at 8.51, 8.02, ~7.75, and 7.32 ppm 
and 3 distinct resonances for the 3 aromatic protons on the functionalized 4,4′-(PO3H2)2-
bipyridine at 8.73, ~7.85, and 7.55 ppm.  Their chemical shifts remain relatively constant as more 
phosphonate-derivatized ligands are added.  Further, all resonances are sharp and have well-
defined splitting patterns. 
 
Figure 6.6. 1H NMR spectra in D2O at 295 K for RuP (3, top), RuP2 (2, middle) and RuP3 (1, bottom) 
showing the aromatic region of the spectra. 
 
 Spectroscopic and Electrochemical Characterization of Complexes.  The UV/vis absorption 
spectra of the RuP and RuCP complexes are relatively unremarkable.  They all share typical 
visible MLCT absorptions that are red-shifted from Ru(bpy)32+ by 4 – 10 nm. This is the expected 
result given the electron withdrawing substituent effect of the phosphonate groups in lowering the 
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π* levels on 4,4′-(PO3H2)2-2,2′-bipyridine with respect to unfunctionalized bipyridine. The same 
red-shift of MLCT absorptions was also observed for RuCP derivatives with the absorption 
maxima red-shifted by 3 – 9 nm.   
The redox potential for the RuIII/II couples in the series RuP, RuP2, and RuP3 are more 
positive than for the Ru(bpy)33+/2+ couple, again due to the effect of the phosphonic acid-
derivatized ligands on stabilizing the dRu(II) levels at RuII. From known solution pKa values, at 
pH 1, the phosphonic acid substituents not bound to the FTO surface are likely protonated.  
Consistent with this observation, the trend in redox potentials from RuP to RuP2 and finally to 
RuP3 become more positive as more electron withdrawing substituents are added to the bpy 
ligands.  The same trend was also observed in solution at pH 1.  
In solution at pH 7 the potentials for the RuIII/II couples are all ~100 mV less positive. Under 
these conditions, the phosphonic acid substituents are completely deprotonated, the ligands 
become electron-donating relative to bpy, and the charge types of the couples are changed.  For 
pH 7 there is no difference in the RuIII/II couples for RuP and RuP2, although RuP3 has a RuIII/II 
couple 230 mV more positive than RuP or RuP2. 
Redox potentials for the RuIII/II couples in the RuCP series all occur at less positive potentials 
than Ru(bpy)32+ under all experimental conditions, which is opposite the trend observed for the 
RuP series.  The trend in redox potentials with added CP ligands is also opposite that found for 
the RuP series, with each additional ligand causing a decrease in potential by ~50 – 100 mV.  
These lower potentials and the reversal of the trend with added substituents can be attributed to 
the electron-donating nature of the alkyl substituents on the RuCP complexes.  The more 
electron-rich Ru center is easier to oxidize and the alkyl spacer between the functional group and 
aromatic ring also lessens the inductive effects of the protonation state of the phosphonic acids. 
These trends are in agreement with σ-donating and π-accepting nature of the substituents on the 
bipyridine ligands affecting the Ru redox potentials as originally reported by Lever.36,37 
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Changing the number of phosphonate-derivatized ligands around the metal center should also 
have little to no effect on the injection efficiency into TiO2 and we have shown this to be the 
case,32 while other reports show a difference that is dependent on the number of ligands.35  
Although significant differences have been shown between RuP and RuCP with respect to 
photo-injection into TiO2 as explained by the electronic differences, significant differences as the 
number of 4,4′-(PO3H2)2-2,2′-bipyridine or 4,4′-(CH2PO3H2)2-2,2′-bipyridine ligands are 
increased would not be expected.  
 
CONCLUSIONS 
 We describe here improved procedures and new synthetic methods for the synthesis of 
phosphonate-derivatized polypyridyl ligands.  These include new, column chromatography-free 
routes to 4,4′-(PO3Et2)-2,2′-bipyridine through a two-step, high yield process from commercially 
available materials.  Additionally, we have developed reaction conditions for clean conversion to 
the corresponding RuII complexes. We have also noted the importance of mild reaction conditions 
in the synthesis of phosphonate-derivatized Ru complexes to assure pure products free of 
oligomeric material. These synthetic approaches have allowed phosphonate-derivatized ligands to 
be added to a variety of complexes which have value as components in the design and synthesis 
of more complex molecular assemblies for DSPEC applications, for example. The key feature is 
the aqueous solution stability of the resulting surface linkages which is an essential element in 
applications such as water splitting or solar-driven reduction of CO2 by water.38-40 
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CHAPTER 7 
Redox Mediator Effect on Water Oxidation in a Ruthenium-Based Chromophore-Catalyst 
Assembly 
 
Reprinted with permission from Norris, M. R.; Concepcion, J. J.; Harrison, D. P.; Binstead, R. A.; 
Ashford, D. L.; Fang, Z.; Templeton, J. L.; Meyer, T. J. J. Am. Chem.  Soc.  2013, 135(6), 2080 – 
2083. Copyright 2013 American Chemical Society. 
 
 
INTRODUCTION 
Water oxidation is the “other” half reaction in solar fuels production.1-3 Examples of single-
site Ru4,5, Co6, Ir7,8, Cu9, and Fe10 molecular catalysts have been reported, but for solar fuels 
applications these catalysts need to be integrated into molecular assemblies or other structures 
where light absorption can be used to drive water oxidation.  In the previous chapters, both pieces 
of the problem were addressed, namely chromophore/redox mediator (CRM) complexes and 
single-site water oxidation catalysts (WOCs).  Combining these two components into a molecular 
assembly is one strategy to achieve light-driven water oxidation.  A few such molecular 
chromophore-catalyst assemblies containing water oxidation catalysts have been reported.11-14 
These complexes have the advantage of being well-defined and well-characterized so that they 
may be studied in detail.  
Previous studies have shown that in CeIV water oxidation catalyzed by the blue ruthenium 
dimer, cis,cis-[(bpy)2(H2O)-RuIIIORuIII(OH2)(bpy)2]4+, rate enhancements of up to 5000 can be 
achieved with added electron-transfer mediators such as Ru(bpy)32+ either surface-bound15 or in 
solution.16 The mediator effect arises from the low barrier for electron transfer for the mediator, 
with a self-exchange rate constant for the Ru(bpy)33+/2+ couple near the diffusion-controlled limit, 
1.1 x 108 M-1s-1 compared to 1.1 x 103 M-1s-1  for the CeIV/III couple.16  Redox mediator effects are 
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also known in biology where redox units undergoing facile electron transfer, e.g., iron sulfur 
proteins, are used to shuttle redox equivalents between redox substrates.17,18 
In addition to their ability to facilitate rapid electron transfer, Ru(bpy)32+ complexes also 
absorb visible light.  Assembly 1 links the redox mediator effect and light absorption with a 
known Ru single-site water oxidation catalyst, [Ru(tpy)(Mebim-py)(OH2)]2+, 2, through a 
methylene bridge (Figure 7.1). The catalyst was chosen based on the results of a previous 
kinetic/mechanistic analysis which showed that the slow step in the overall oxidation of water by 
CeIV catalyzed by 2 is oxidation of [RuIV=O]2+ to [RuV(O)]3+.4   
 
Figure 7.1.  Chromophore-catalyst assembly 1 studied in this work and catalyst 2 that has been previously 
reported. 
  
This chapter details the synthesis of 1, the mechanistic minutiae of the catalytic oxidation 
reaction, and the discovery of an enhanced rate of catalytic oxidation arising from a redox-
mediator effect.  Complex 1 incorporates both a CRM from Chapter 4 with a single-site catalyst 
from Chapter 2 into a molecular assembly that is greater than the sum of its parts. 
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Synthesis A10 
Ultrapure water purification system. Stock solutions of CeIV for kinetic and stoichiometric 
measurements were prepared from (NH4)2Ce(NO3)6 (99.99+%, Aldrich). Nitric acid (Trace Metal 
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Grade, 70%) was purchased from Fisher Scientific. 2,2′-bipyridine (97%), 4,4′-dimethyl-2,2′-
bipyridine, benzimidazole, 2-bromopyridine, cesium fluoride, and RuCl3×3H2O were purchased 
from Aldrich and used as received. N-(2-pyridyl)benzimidazole,19 4-methyl-4′bromomethyl-2,2′-
bipyridine,20 Ru(bpy)2Cl24 and Ru(tpy)Cl34 were prepared as described in the literature.  All other 
reagents and solvents were ACS grade and used without additional purification.  Microwave 
reactions were carried out in Microwave Accelerated Reaction System, Model MARS®, 1200 W 
microwave oven with HP 500 plus Teflon vessels. 
UV/Vis spectra and UV/Vis spectra vs. time were recorded on an Agilent Technologies Model 
8453 diode-array spectrophotometer. Kinetic measurements were also performed on an Agilent 
Technologies Model 8453 diode-array spectrophotometer by monitoring the disappearance of 
CeIV at 347 nm.  All mixing experiments with CeIV were performed in the dark.  Electrochemical 
measurements were performed on a CH Instruments model 660D potentiostat/galvanostat. 
Voltammetric measurements were made with a planar CHI104 3 mm glassy carbon working 
electrode, a platinum wire CHI115 counter electrode, and a Ag/AgCl CHI111 reference electrode.  
1H and 31P NMR spectra were recorded on Bruker Avance 400 MHz or Bruker 600 MHz 
spectrometers. 
Oxygen evolution experiments. Oxygen measurements were performed with a calibrated O2 
electrode (YSI, Inc., Model 550A) or with a fluorescence-based Ocean Optics NeoFox calibrated 
O2 probe. In a typical experiment, 30 equivalents of CeIV were added to stirred solutions 
containing 1.0 × 10-3 M ruthenium complex in 0.1 M HNO3. Experiments were performed under 
a N2 atmosphere in a glove box.  Oxygen evolution vs. time was recorded and the theoretical 
maximum was achieved within ±3 %. 
Synthesis and characterization. 
N-(2-pyridyl)-N′-(4-bipyridyl-4′-methyl)benzimidazolium bromide. N-(2-
pyridyl)benzimidazole (888 mg, 4.55 mmol) and 4-methyl-4′bromomethyl-2,2′-bipyridine (1.20 
g, 4.55 mmol) were placed under a N2 atmosphere and heated to 180 °C for 4 h. The reaction was 
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allowed to cool and the brown solid was collected and washed with acetone and diethyl ether. 
Yield: 1.61 g (77%).  1H NMR (CD3OD): δ 10.55 (s, 1H), 8.92 (d, 1H), 8.84 (dd, 1H), 8.66 (m, 
3H), 8.59 (d, 1H), 8.30 (td, 1H), 8.19 (d, 1H), 7.96 (d, 1H), 7.80 (m, 5H), 6.18 (s, 2H), 2.71 (s, 
3H). 
[(bpy)2Ru(Mebpy-4-bimpy)](Cl)2(Br). A mixture of Ru(bpy)2Cl2 (500 mg, 1.0 mmol) and N-
(2-pyridyl)-N′-(4-bipyridyl-4′-methyl)benzimidazolium bromide (473 mg, 1.0 mmol) in 1:1 
EtOH/H2O (30 mL) was bubble degassed with N2 and then heated at reflux overnight. The 
reaction was allowed to cool and the solvent was removed on a rotary evaporator to give a red 
solid. Yield: 955 mg (98%). For 1H NMR, the Cl- salt was dissolved in water and precipitated as 
the PF6- salt by adding a saturated aqueous solution of NH4PF6.  1H NMR (CD3CN): δ 9.83 (s, 
1H), 8.80 (d, 1H), 8.51 (d, 4H), 8.45 (dd, 2H), 8.35 (s, 1H), 8.27 (td, 1H), 8.08 (m, 4H), 7.96 (d, 
2H), 7.84 – 7.71 (m, 9H), 7.57 (d, 1H), 7.47 (d, 1H), 7.43 (dd, 4H), 7.28 (d, 1H), 5.96 (s, 2H), 
2.51 (s, 3H). 
[(bpy)2Ru(Mebpy-4-bimpy)Ru(tpy)(OH2)](Cl)4 (1). [Ru(tpy)Cl]2Cl2 (200 mg, 0.25 mmol) 
and [(bpy)2Ru(Mebpy-4-bimpy)](Cl)2(Br) (458 mg, 0.50 mmol) were added to an HP 500 Teflon 
microwave vessel along with a 1:1 mixture of EtOH/H2O (30 mL).  Nitrogen was bubbled 
through the solution for 30 minutes before the vessel was placed in the reactor and heated in the 
microwave. Temperature was ramped to 150 °C over 5 minutes, then held at 150 °C for 20 
minutes. The reaction was allowed to cool and the volume was reduced to 10 mL. Product 
mixture was filtered and the filtrate was run down a Sephadex LH-20 column eluting with water. 
Like fractions (based on UV-visible spectra) were combined and the solvent was removed on a 
rotary evaporator. A second Sephadex LH-20 column of smaller diameter was run with the 
resulting product eluting with a 1:1 MeOH/H2O mixture. Similar fractions were again combined 
and the solvent removed to give a dark red solid. Yield: 102 mg (16%). 1H NMR (D2O): δ 10.13 
(d, 1H), 8.76 (d, 1H), 8.63 (dd, 2H), 8.50 (dd, 2H), 8.40 (td, 1H), 8.32 (td, 1H), 8.28 (d, 1H), 8.07 
(m, 5H), 7.94 (t, 2H), 7.83 (m, 4H), 7.76 (t, 1H), 7.72 (d, 1H), 7.68 (d, 2H), 7.64 (d, 1H), 7.61 (d, 
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1H), 7.48 (m, 6H), 7.38 (m, 2H), 7.31 (m, 4H), 7.15 (d, 2H), 6.16 (d, 1H), 4.94 (d, 1H), 4.76 (d, 
1H), 2.52 (s, 3H). 
 
RESULTS 
The synthesis of 1 (Figure 7.2) was achieved in a stepwise manner by first preparing the 
bridging ligand. An N-alkylation reaction between 4-bromomethyl-4′-methyl-2,2′-bipyridine and 
2-pyridyl-N-benzimidazole gives the bromide salt of the bridging ligand in good yield.  The 
bipyridine functionality was then utilized in a selective reaction with Ru(bpy)2Cl2 to give 
[Ru(bpy)2(bpy-CH2-bimpy)]3+. Subsequent reaction of this chromophore with the chloro-bridged 
ruthenium terpyridine dimer, [Ru(tpy)Cl2]2, in ethanol under microwave irradiation gave the 
desired dinuclear complex.  After column chromatography on Sephadex LH-20 gel, a pure 
sample was obtained (1H NMR, Figure 7.3).  
As seen in the synthesis of 2, only the isomer with the solvent molecule trans to the carbene4 
is evident in the 1H NMR spectrum of 1. The spectrum also displays diasteriotopic protons for the 
methylene bridge as roofed doublets at 4.95 and 4.75 ppm (Figure 7.3). These protons appear as a 
singlet in the 1H NMR spectra of the free ligand and the chromophore (Figures S1 and S2 in 
Appendix F). 
 
Figure 7.2.  Preparation of assembly 1 utlizing the selective bridging ligand.  Synthesis of 1 is achieved 
through the use of microwave irradiation over the course of 30 min. 
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Figure 7.3.  1H NMR of 1 in CD3CN at 298 ± 3 K.  Methylene spacer shows as two roofed doublets 
between 4.65 and 5.0 ppm.  Downfield doublet at 10.1 ppm is due to the o-proton of the pyridine in the 
[bim-py] ligand of the catalyst. 
 
Crystals of 1 were grown by slow diffusion of diethyl ether into an acetonitrile solution of 1 
giving the CH3CN coordinated assembly (Figure 7.4). Notably, in the structure the Ru2-C 
distance (1.984 Å) in 1 is comparable to that found in 2 (1.943 Å) consistent with multiple Ru-C 
bonding.21  The slight lengthening of the Ru-C bond by 0.041 Å in 1 relative to 2 is likely a result 
of the constrained geometry at 1, and the presence of the trans CH3CN ligand in 1 relative to H2O 
in 2. In the crystal structure of 1, the two Ru centers are located at a distance of 8.223 Å from 
each other. 
 
Figure 7.4.  X-Ray structure of the cation in trans-[(bpy)2Rua(4-Mebpy-4′-
CH2bimpy)Rub(tpy)(CH3CN)](PF6)4 (1(PF6)4) with thermal ellipsoids shown at the 50% probability level.  
Hydrogen atoms have been omitted for clarity. 
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 Because of the saturated link between metal centers, there is no orbital basis for extensive 
electronic interaction. The consequences of this are apparent in the additive nature of the UV-
Visible spectra of the constituents of 1, [Ru(bpy)2(4,4′-Me2bpy)]2+ (4,4′-Me2bpy = 4,4′-dimethyl-
2,2′-bipyridine) and [Ru(tpy)(Mebim-py)(OH2)]2+, relative to the spectrum of 1 as shown in 
Figure 7.5. Similar behavior was observed earlier in an amide-coupled assembly.22 
 
Figure 7.5.  UV/vis spectra of 1 (black), 2 (blue), [Ru(bpy)2(4,4′-Me2bpy)]2+ (green), and the addition of 2 
and [Ru(bpy)2(4,4′-Me2bpy)]2+ (red) in 0.1 M HNO3.   
 
Cyclic voltammetric measurements were carried out at a glassy carbon working electrode with 
a Ag/AgCl (3 M NaCl) reference (0.207 V vs. NHE) and platinum counter electrode in buffered 
aqueous solutions with added 0.5 M KNO3. A CV in 0.1 M HNO3 shows the expected oxidations 
of the catalyst and chromophore parts of 1 (Figure 7.6). With scans to positive potentials, an 
initial reversible oxidation is observed at 0.91 V vs. NHE for the [RuaII-RubIII-OH2]5+/[RuaII-RubII-
OH2]4+ couple followed by a second reversible oxidation of the catalyst for the [RuaII-
RubIV=O]4+/[RuaII-RubIII-OH2]5+ couple at 1.23 V.  Both waves are pH dependent with the 
expected Nernstian behavior. The [RuaII-RubIII-OH2]5+/[RuaII-RubII-OH2]4+ couple is pH 
independent until the pKa of [RuaII-RubIII-OH2]5+ is reached at pH = 4.8. The potential for the 
[RuaII-RubIV=O]4+/[RuaII-RubIII-OH2]5+ couple decreases by 118 mV/pH unit with increasing pH 
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consistent with a 1e-/2H+ couple. Past pH = 4.8, the couples become [RuaII-RubIII-OH]4+/[RuaII-
RubII-OH2]4+ and [RuaII-RubIV=O]4+/[RuaII-RubIII-OH]4+ and  E1/2 values decrease with slopes of 59 
mV/pH unit (Figure 7.7). Notably, E1/2 values for these couples are only slightly less positive in 1, 
by ~0.08V, than in 2 and the two have comparable driving forces as oxidants.  Beyond the [RuaII-
RubIV=O]4+/[RuaII-RubIII-OH2]5+ and [RuaII-RubIII-OH2]5+/[RuaII-RubII-OH2]4+ waves for the catalyst 
in 1, a pH independent wave appears at 1.31 V for oxidation of the chromophore, [RuaIII-
RubIV=O]5+/[RuaII-RubIV=O]4+. Significant water oxidation catalysis begins upon further oxidation 
of the catalyst to [RuaIII-RubV(O)]6+ with the irreversible peak potential for the [RuaIII-
RubV(O)]6+/[RuaIII-RubIV=O]5+ oxidation appearing at Ep,a ~1.5 V vs. NHE. 
 
 
Figure 7.6.  Cyclic voltammogram of 1 in 0.1 M HNO3, 0.5 M in KNO3 at 10 mV s-1 with a glassy carbon 
working electrode (0.07 cm2, red) and a square wave voltammogram (blue) at 298 ± 3 K. 
 
With the addition of excess amounts of Ceric Ammonium Nitrate (CAN), both 1 and 2 are 
catalysts for water oxidation, 2H2O + 4CeIV → O2 + 4H+ + 4CeIII.  Time-dependent oxygen 
evolution measurements with CeIV added to 1 in 0.1 M HNO3 were conducted by using a Foxy 
fluorescence probe with evolved oxygen monitored in the headspace of the reaction vessel. The 
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expected amount of oxygen, 7.5 eq/30 eq of CeIV added as CAN, was observed. Assembly 1 
evolves oxygen in ~100 % yield based on added CeIV over a shorter time period than catalyst 2 
(Figure 7.8). The enhanced rate of oxygen evolution with assembly 1 provides evidence for a 
redox mediator effect. 
 
Figure 7.7.  Pourbaix (E1/2 vs. pH) diagram of 1 in aqueous buffers (0.1 M phosphate, acetate, or borate 
with 0.5 M KNO3) vs. Ag/AgCl at 10 mV s-1 with a glassy carbon working electrode (0.07 cm2) and 
platinum wire counter electrode. 
 
Hand mixing experiments in a 2 mm flow cell were monitored by UV-visible kinetics 
measurements. Addition of a 30-fold excess of CeIV in 0.1 M HNO3 to a 6.25 x 10-5 M solution of 
1 in 0.1 M HNO3 results in rapid oxidation of 1 as evidenced by loss of the visible Ru(II) MLCT 
absorptions for [RuaII-RubII-OH2]4+. The UV-visible spectrum at the catalytic steady state is shown 
in Figure 7.9. For comparison with 2, the kinetics of CeIV consumption by 1 were monitored in an 
identical fashion by observing the spectral change at 347 nm, on the shoulder of the absorption 
maximum at λmax = 318 nm for CeIV (ε = 3070 M-1cm-1). At this wavelength any absorbance 
change due to catalyst or chromophore is minimal and primarily reflects consumption of CeIV. 
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Figure 7.8.  Oxygen appearance traces as measured with a Foxy fluorescence probe in the headspace over 
10 ml solutions 0.1 mM in 1 (red) or 2 (blue) in 0.1 M HNO3 with 30 equivalents of added CAN at 
298 ± 3K. 
 
 
Figure 7.9.  Spectrum of the catalytic “rest state” that comprises of a mixture of species after 30 eq of CAN 
were mixed with 6.5 x 10-5 M 1 in 0.1 M HNO3, and the initial spectrum (t = 1.2 s) taken after mixing 
(inset) showing a feature for the [RuaIII-RubIII-OH2]6+ species with a band at 655 nm. 
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In the kinetic studies, the concentration of 1 was varied from 1.25 x 10-5 M to 6.25 x 10-5 M 
and CeIV from 1.88 x 10-4 M to 3.75 x 10-4 M.  Under catalytic conditions with a large excess of 
CeIV, loss of CeIV (monitored at 347 nm) has an observed rate constant first order in [CeIV] and 
first order in [1], (Figures 7.10 and 7.11).  Similar kinetics were observed for 2.4 These 
observations are consistent with the rate law, -d[CeIV] = kox,1[CeIV][1ox] with [1ox] the 
concentration of a dominant, oxidized form of 1 at the catalytic steady state. From the data in 
Figures 7.10 and 7.11, kox,1 = 272 M-1s-1 for 1 in 0.1 M HNO3 at 298 K.  This rate constant is ~8 
times larger than the rate constant for 2 with kox,2 = 33 M-1s-1 under identical conditions.  
Additional mixing experiments were carried out with 1 at 6.5 x 10-5 M with 1, 2, 3, 4 and 10 
equivalents of added CeIV. Addition of 3-4 equivalents of CeIV resulted in complete loss of the 
[RuaII-RubII-OH2]4+ MLCT absorptions. Global analysis of spectral changes following rapid hand 
mixing with application of the spectral deconvolution program SPECFIT/32,23 provided spectral 
evidence for at least eight colored species (Figure S3 in Appendix F) over the complete time 
course of the reaction beginning with [RuaII-RubII-OH2]4+. The composition of the mixture of 
species changes dynamically during the course of the catalysis with closely balanced overall rates 
for CeIV consumption and oxygen evolution at the catalytic steady state.  
  
Figure 7.10.  First order decay of CeIV as monitored at 347 nm during a hand operated syringe mixing 
experiment in which 30 eq of CAN were mixed with 6.5 x 10-5 M 1 in 0.1 M HNO3 (red points) and fit of 
the data (black trace). 
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Figure 7.11.  Plot of the first order rate constants for CeIV consumption at different concentrations of 1 
used to determine the second order rate constant for the reaction. 
 
With excess (30 eq.) added CeIV, at the catalytic steady state, the visible absorption spectrum 
(Figure 7.9) is characterized by: i) Loss of RuII MLCT features; ii) appearance of a band at 655 
nm consistent with [RuaIII-RubIII-OH2]6+ that decays by pseudo-zero-order kinetics over a period 
of 400 s (Figure S4 in Appendix F), and iii) a Near-IR band that absorbs at > 900 nm and 
decreases by zero-order kinetics in 150 s (Figure S5 in Appendix F). At the end of the catalytic 
cycle, with CeIV depleted, a final oxidized intermediate remains that returns the catalyst to [RuaII-
RubII-OH2]4+ (85 - 95%) with k = 0.012 s-1 (Figure S6 in Appendix F).  
 
DISCUSSION 
A mechanism for water oxidation by single-site Ru catalysts such as [Ru(tpy)(bpm)(OH2)]2+ 
(tpy = 2,2′:6′,2′′-terpyridine; bpm = 2,2′-bipyrimidine) and [Ru(tpy)(bpy)(OH2)]2+  has been 
established based on the results of electrochemical and mixing studies with UV-visible 
monitoring with added CeIV.4,24  A modified version is proposed for 1 in Scheme 7.1. This 
mechanism features: i) oxidative activation of the catalyst by stepwise proton coupled electron 
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transfer (PCET) oxidation from [RuII-OH2]2+ to [RuIV=O]2+, ii) further oxidation to [RuV(O)]3+, iii) 
O---O bond formation by Atom-Proton Transfer21,25 to give the peroxide intermediate [RuIII-
OOH]2+, iv) further oxidation to [RuIV(OO)]2+ followed by slow O2 loss and re-entry into the 
catalytic cycle as [RuII-OH2]2+, and/or v) further oxidation to [RuV(OO)]3+ followed by rapid loss 
of O2 and re-entry into the catalytic cycle as [RuIII-OH]2+.  
  
Scheme 7.1.  Proposed Mechanism of CeIV Driven Water Oxidation by 1.26 
 
 
The mixing experiments with CeIV reveal that rapid oxidation of [RuaII-RubII-OH2]4+ occurs to 
give a higher oxidation state form or forms that dominate at the catalytic steady state. Based on 
the cycle in Scheme 7.1, the higher oxidation state could be [RuaIII-RubIV=O]5+, [RuaIII-RubV(O)]6+, 
[RuaIII-RubIII-OOH]5+, or [RuaIII-RubIV(OO)]5+, or a distribution of oxidation states. The first order 
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dependence of CeIV loss on [CeIV] points to rate limiting CeIV oxidation of [RuaIII-RubIV=O]5+ to 
[RuaIII-RubV(O)]6+, eq 5.1, or CeIV oxidation of [RuaIII-RubIV(OO)]5+ to [RuaIII-RubV(OO)]6+, eq 7.2. 
Both may play a role. E1/2 values are ~1.5 V vs. NHE for the RuV/IV couples for both the oxo and 
peroxo couples and, as noted above, there is evidence for two oxidized forms at the catalytic 
steady state. A similar ambiguity exists for CeIV catalyzed water oxidation by 2.21 
   
           (eq. 7.1) 
      (eq. 7.2) 
 
Based on the SPECFIT analysis, at the end of the catalytic cycle and after complete 
consumption of CeIV, the dominant product (85 - 95%) is [RuaII-RubII-OH2]4+ (λmax = 458 nm) 
which is formed with k = 0.012 s-1 (Figures 7.12 and S6 in Appendix F). This observation is 
consistent with a catalytic cycle dominated by the “inner” catalytic loop in Scheme 7.1. The final 
step is loss of O2 from [RuaII-RubIV(OO)]4+ with aquation to give [RuaII-RubII-OH2]4+, k6, with a 
lesser role for the red “outer” loop which results in  [RuaII-RubIII-OH2]4+, k7. The dominant 
pathway through k6 may be a result of the labilizing effect of the carbene ligand trans to the O2 
binding site in the peroxide intermediate [RuaIII-RubIV(OO)]5+. There is evidence for the buildup 
of peroxo intermediates for catalysts such as [Ru(tpy)(bpm)(OH2)]2+ and [Ru(tpy)(bpy)(OH2)]2+  
and for surface-bound analogs21,24,27,28 but there is no evidence for buildup of a peroxo 
intermediate for 2. 
CeIV catalyzed water oxidation by 1 is more rapid than by 2 by a factor of ~8 even though the 
energetics for the two oxidants are comparable. The enhanced rate constant provides evidence for 
a mediator effect by the chromophore in 1. Based on the analysis above, ΔG°´ ≈ -0.1 eV for rate 
limiting CeIV oxidation of [RuaIII-RubIV=O]5+ to [RuaIII-RubV(O)]6+, with  E°´ = 1.61 V for the 
CeIV/III couple.   
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Figure 7.12.  Absorbance of 1 before mixing (black), and after complete consumption of CAN (1 eq, blue; 
2 eq, brown; 3 eq, green; 4 eq, red; 10 eq, orange; and 30 eq, purple; only chromophore, dashed).  After the 
CeIV was consumed, spectra were collected until a maximum absorption was reached (100 – 2500 s with 
longer times required for increasing CeIV). 
 
The origin of the mediator effect for the assembly may lie in the mechanism in Scheme 7.2 
and pre-equilibrium formation of the high energy “redox isomer”, [RuaII-RubV(O)]5+, followed by 
“trapping” through oxidation via CeIV to [RuaIII-RubV(O)]6+ (blue pathway).  This mechanism is 
operable under excess CeIV.  In this, indirect, mechanism, advantage is taken of the facile electron 
transfer properties of the mediator. It avoids slow electron transfer activation by direct CeIV 
oxidation of [RuaIII-RubIV=O]5+ to [RuaIII-RubV(O)]6+. From E°´ values of ~ 1.5 V for the [RuaIII-
RubV(O)]6+/[RuaIII-RubIV=O]5+ couple and E°´ = 1.3 V for the Rua3+/2+ couple as measured 
experimentally, 

K  e
 G0 ' RT  ~ 4 x 10-4 for the equilibrium, [RuaIII-RubIV=O]5+ = [RuaII-RubV(O)]5+. 
Based the mechanism proposed in Scheme 7.2 and the experimentally observed rate constant, 
kobs,1 = k4K = 272 M-1s-1. With K = 4 x 10-4 calculated from the aforementioned redox potentials of 
the relevant species, k4 = 7 x 105 s-1 for CeIV oxidation of [RuaII-RubV(O)]5+ to [RuaIII-RubV(O)]6+, a 
reaction favored by -0.3 eV.  Note that Scheme 5.2 refers to the mechanism in 0.1 M HNO3 
consistent with all mixing experiments. 
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Scheme 7.2.  The Redox Mediator Effect 
 
 
 
CONCLUSIONS 
Our results are important in identifying a redox mediator effect in a chromophore-catalyst 
assembly that combines light absorption and water oxidation catalysis, in our case using CeIV as 
the oxidant. Redox mediation is a phenomenon tied to the redox potentials of the assembly and 
the relatively slow electron transfer characteristics of the oxidant. The mechanistic analysis 
presented here should be general for related chromophore-catalyst assemblies including recent 
examples based on use of persulfate anion, S2O82-, as an oxidative quencher for initiating water 
oxidation.29,30  Importantly, the redox mediator effect points to an active form of the catalyst that 
is [RuaIII-RubIV=O]3+, which given the relevant redox couples, is thermodynamically accessible by 
sequential light driven electron transfers from [RuaII-] into the conduction band of TiO2.  The next 
two chapters of this dissertation will show how this is important for light-driven water oxidation 
catalysis. 
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CHAPTER 8 
Low Overpotential Water Oxidation by a Surface-Bound Ruthenium-Chromophore-Ruthenium-
Catalyst Assembly 
 
INTRODUCTION 
Producing solar fuels by artificial photosynthesis, as in natural photosynthesis, requires the 
integration of UV/visible/near IR light absorption with electron/proton transfer events to drive 
both water oxidation to oxygen and a cathodic reaction; reduction of water or protons to 
hydrogen, or the reduction of CO2 to a reduced carbon fuel.1-5  One approach is to use molecular 
assemblies in dye-sensitized photoelectrosynthesis cells (DSPECs) where light absorption and 
catalysis are combined in single, well-defined units.  Molecular assemblies are attractive due to 
their synthetic variety and ability to alter the properties of the catalysts and chromophore/redox 
mediators (CRMs) through careful control of ligand environments.  In recent publications we 
have reported on the electrochemical and photophysical properties of a family of Ru-based 
chromophore-catalyst assemblies, both in solution,6-8 and bound to metal-oxide surfaces such 
as ZrO2, TiO2, and nanostructured indium tin oxide, nanoITO.8,9  
From independent studies on related single-site oxidation catalysts (Chapter 2), water 
oxidation occurs mechanistically by stepwise Proton Coupled Electron Transfer (PCET) through 
oxidative activation and e-/H+ loss to give [RuIV=O]2+ and further oxidation to [RuV(O)]3+, which 
is reactive toward water oxidation via O—O coupling. The product is the hydroperoxide of the 
Ru catalyst, [RuV(O)]3+ + H2O → [RuIII-OOH]2+ + H+, which undergoes further oxidation and O2 
release.   
Coupling single-site catalysts to CRMs, however, establishes energy requirements for water 
oxidation. In an assembly structure (1, Figure 8.1), the formal potential for the chromophore 
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couple is E°′(RuIII/II) 1.36 V vs. NHE.  At pH = 1, E°′ values for the [RuaII-RubIV=O]4+/[RuaII-
RubIII-OH2]5+ and [RuaII-RubIII-OH2]5+/[RuaII-RubII-OH2]4+ couples are 1.15 and 0.90 V vs. NHE 
respectively, and E°′ for the pH-independent [-RubV(O)]3+/[-RubIV=O]2+ couple is ~1.55 V, 
notably ~0.20 V above the potential for the [RuaIII-]3+/[RuaII-]2+ couple. 
 
 
Figure 8.1.  Structure of chromophore-catalyst assembly with phosphonic acids to anchor to metal oxide 
surfaces (1) and solution-based assembly previously studied (2). 
 
Based on these values, the final step of a 3e-/2H+ light-driven, oxidative activation to give 
[RuaIII–RubIV=O]5+ would leave the assembly 200 mV short of reaching the active [-RubV(O)]3+ 
form of the catalyst, creating a kinetic block to photochemical water oxidation. A solution to this 
dilemma was suggested in Chapter 7 with kinetic experiments on water oxidation by 2 (Figure 
8.1) driven by CeIV in acidic solution. These experiments revealed a redox “mediator” effect for 
the assembly compared to [Ru(tpy)(Mebim-py)(OH2)]2+ (tpy = 2,2′:6′,2′′-terpyridine; Mebim-py 
= 2-pyridyl-N-methylbenzimidazole) (Chapter 2) with a rate enhancement of ~8. The mediator 
effect was attributed to equilibrium population of the reactive [RuaII-RubV(O)]5+ form of the 
assembly, Scheme 8.1, followed by rapid water oxidation.  
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Scheme 8.1. Origin of Redox Mediator Effect in CeIV-Driven Water Oxidation by 2. 
 
 
We report here the synthesis of the phosphonic-derivatized surface-bound Ru-chromophore-
Ru-catalyst assembly (1, Figure 8.1) and its electrochemical properties on the surface of the oxide 
electrode material, nanostructured ITO (indium tin oxide) nanoITO. An electrochemical 
investigation of 1 on nanoITO on a rotating ring-disc electrode (RRDE) provides direct evidence 
for the production of oxygen. Remarkably, the significant potential onset for water oxidation 
occurs at potentials for oxidation of the surface bound assembly from [RuaII-RubIV=O]4+ to [RuaIII-
RubIV=O]5+.  
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. Bromotrimethylsilane (97%) was purchased from Alfa Aesar.  Perchloric 
acid (99.999% trace metals basis) was purchased from Sigma-Aldrich.  Ru(4,4′-
(PO3Et2)2bpy)2Cl2,10 N-(2-pyridyl)-N′-(4-bipyridyl-4′-methyl)benzimidazolium bromide ([bpy-
bimpy](Br)),7 and [Ru(tpy)Cl]2Cl27 were prepared as described in the literature.  All other 
reagents were ACS grade and used without additional purification.  Microwave reactions were 
carried out in Microwave Accelerated Reaction System, Model MARS®, 1200 W microwave 
oven with HP 500 plus Teflon vessels. 
Elemental analyses were conducted by Atlantic Microlab, Inc., Atlanta, Georgia. 
Electrochemical measurements were performed on a CH Instruments model 660D 
potentiostat/galvanostat. Voltammetric measurements were made with a fluoride-doped tin oxide 
 149 
 
(FTO)-coated glass slide as a working electrode, a platinum wire CHI115 counter electrode, and a 
Ag/AgCl CHI111 reference electrode (3 M NaCl, 0.207 V vs. NHE).  Preparation of nanoITO-
modified rotating ring-disc electrodes and RRDE experiments followed a previously published 
procedure.11  1H and 31P NMR spectra were recorded on a Bruker AMX 600 MHz spectrometer. 
Preparation of nano-ITO or nano-ATO modified ring-disc electrodes. ITO or ATO 
nanoparticles (Sigma-Aldrich, <50 nm) were suspended in 9:1 MeOH:H2O (~ 7 mg/mL). The 
suspension was sonicated for 20 min to disperse the nanoparticles and shaken by hand before use. 
The already assembled ring-disc electrode (glassy carbon disc and platinum ring, Pine 
Instruments) was held upside down on a ring stand. 12 L of the nanoparticles suspension was 
carefully added to the glassy carbon disc using a micropipette. The Teflon that separates the disc 
from the ring prevents the suspension from flowing to the platinum ring. The solvent mixture was 
allowed to evaporate and the modified electrode was allowed to dry for at least 20 min. The 
catalysts were loaded by immersing the modified ring-disc electrode in ~ 10-4-10-3 M solutions of 
the catalysts in 0.1 M HNO3 or 0.1 M HClO4. Surface loadings were determined 
electrochemically by integrating the area under a CV wave. The projected surface area occupied 
by the catalyst was determined by the surface area of the glassy carbon disc (0.196 cm2). 
Rotating ring-disc electrode (RRDE) experiments. RRDE experiments were performed with 
a Pine Instruments bipotentiostat and rotator. The working electrode was the previously described 
nano-ITO modified ring-disc electrode (nanoITO-RRDE). The reference electrode was a standard 
Ag/AgCl electrode (PINE model RREF0021) mounted in a Vycor tipped glass tube with fresh 
electrolyte to avoid chloride contamination of the primary electrolyte. The counter electrode was 
a platinum wire coil in an isolated glass tube with fine glass frit separator (PINE model 
AFCTR5). All the experiments were performed with 0.1 M HClO4. Linear sweep voltammetry 
(LSV) experiments in oxygen-saturated solutions were performed by using the platinum ring as 
the working electrode. From these experiments O2 reduction to H2O2 at the platinum ring was 
diffusion-limited at -0.017 V vs. NHE in pH 1 solutions. At more negative potentials, proton 
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reduction begins to occur but it is well separated from the O2 reduction wave. For the RRDE 
experiments the solutions were deaerated by bubbling with nitrogen for 20 min. The disc 
potential was scanned from 1.0 V to 1.79 V vs. NHE while the ring potential was held constant at 
-0.017 V vs. NHE to detect O2 or at 1.13 V vs. NHE to detect H2O2 (oxidation of H2O2 to O2 is 
diffusion-limited at this potential at pH 1). 
Synthesis and characterization.   
[((PO3Et2)bpy)2Ru(bpy-bimpy)](Cl)2(Br).  Ru((PO3Et2)2bpy)2Cl2 (100mg, 0.1 mmol) and N-
(2-pyridyl)-N′-(4-bipyridyl-4′-methyl)benzimidazolium bromide (45 mg, 0.1 mmol) were 
dissolved in 2:1 EtOH/H2O (18 mL) in an HP 500 Teflon microwave vessel and dearaeted by 
bubbling N2.  The reaction was heated in the microwave with the temperature ramped to 150 °C 
over 5 minutes, then held at 150 °C for 20 minutes.  The reaction was allowed to cool and was 
checked by UV/vis spectroscopy to confirm the formation of [((PO3Et2)bpy)2Ru(bpy-
bimpy)](Cl)2(Br) (MLCT λmax at 465 nm).  The reaction mixture was used without further 
purification or work-up in a two-stage, one-pot reaction. 
[((PO3Et2)bpy)2Ru(bpy-bimpy)Ru(tpy)(OH2)](Cl)4.  To the reaction mixture containing 
[((PO3Et2)bpy)2Ru(bpy-bimpy)](Cl)2(Br) (0.1 mmol) in 2:1 EtOH/H2O (18 mL) was added 
[Ru(tpy)Cl]2Cl]2 (81 mg, 0.1 mmol, 2 equiv. Ru).  The solution was sonicated and deaerated with 
N2 before being heated in the microwave with a temperature ramp to 150 °C over 5 minutes, then 
held at 150 °C for 20 minutes.  The reaction was allowed to cool and was gravity filtered, 
washing the residual solid with EtOH and a small amount of H2O.  The solvent was then removed 
from the filtrate on a rotary evaporator and all H2O was removed on a high vacuum line 
overnight.  The product was used without further purification. 
[((PO3H2)bpy)2Ru(bpy-bimpy)Ru(tpy)(OH2)](Cl)4.  The isolated solid from the synthesis of 
[((PO3Et2)bpy)2Ru(bpy-bimpy)Ru(tpy)(OH2)](Cl)4 (0.1 mmol) was placed under a N2 atmosphere 
and anhydrous CH3CN (30 mL) was added.  To the reaction was added bromotrimethylsilane 
(0.12 g, 0.76 mmol) and the reaction was heated at 70 °C under N2 for 3 d.  Anhydrous MeOH 
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(1.0 mL) was then added to the reaction and it was allowed to cool to room temperature.  A red-
orange solid had precipitated which was filtered and washed with anhydrous CH3CN and Et2O to 
give an orange powder.  The product was purified on a Sephadex LH-20 column eluting with 
H2O. Yield: 144 mg (90% from Ru((PO3Et2)2bpy)2Cl2).  1H NMR (600 MHz, D2O): δ 9.31 (d, 
1H), 8.92 (d, 1H), 8.74 (d, 1H), 8.55 (m, 4H), 8.30 (m, 1H), 8.19 (d, 1H), 8.13 (m, 1H), 7.90 (dd, 
1H), 7.69 (m, 4H), 7.55 (d, 2H), 7.50 – 7.32 (m, 6H), 7.24 (d, 2H), 7.20 (m, 2H), 7.05 (d, 1H).  
31P NMR (600 MHz, D2O): δ 6.11, 6.05, 5.94, 5.50.  Anal Found (Calc) for C59H56N12O17P4Ru2: 
C 46.28 (46.22); H 3.69 (3.71); N 10.98 (10.80). 
 
RESULTS 
The synthesis of 1 was achieved in a step-wise, one-pot preparation.  After synthesis of the 
bridging ligand, the bipyridine functionality reacts selectively with Ru((PO3Et2)2bpy)2Cl2 in a 2:1 
EtOH/H2O mixture at 150 °C in a microwave reactor to give [Ru((PO3Et2)2bpy)2(bpy-CH2-
bimpy)]3+.  The catalyst site was incorporated in the following step by addition of the chloro-
bridged ruthenium terpyridine dimer, [Ru(tpy)Cl2]2, to the intermediate product in the reaction 
vessel to give the desired dinuclear assembly (1) as the phosphonate-ester.  Hydrolysis of the 
phosphonate ester groups was achieved by reaction with bromotrimethylsilane in anhydrous 
acetonitrile at 70 °C.  The hydrolyzed product precipitates from the reaction mixture in good 
yield and high purity (1H and 31P NMR Figures S1 and S2 in Appendix G)  with HPLC of crude 1 
showing only a small amount of unreacted chromophore (Figure S3 in Appendix G).  This 
impurity was removed by column chromatography on Sephadex LH-20 gel eluting with H2O to 
give a pure sample.  As seen for the synthesis of both 2 and the monomeric catalyst, only one 
isomer is observed with the solvent molecule trans to the carbene (Figure 8.1).7,12 
Cyclic voltammetric measurements (CVs) were carried out by first loading 1 onto a planar 
glass slide coated with fluoride-doped tin oxide (FTO) by immersing the slide in a 0.1 mM 
solution of 1 in 0.1 M HNO3 for 20 minutes.  The loaded slide was used as the working electrode 
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with a Ag/AgCl (3 M NaCl) reference (0.207 V vs. NHE) and a platinum mesh counter electrode 
in buffered aqueous solutions with added 0.5 M NaClO4.  A CV in 0.1 M HClO4 shows the 
expected oxidations of 1 (Figure 8.2) based on the electrochemistry of 2.  Scanning to positive 
potentials, a first reversible oxidation is observed at 0.90 V vs. NHE for the [FTO-RuaII-RubIII-
OH2]5+/[FTO-RuaII-RubII-OH2]4+ couple followed by a second oxidation of the catalyst for the 
[FTO-RuaII-RubIV=O]4+/[FTO-RuaII-RubIII-OH2]5+ couple at 1.15 V vs.  NHE.  As found for related 
couples in solution and on surfaces, the voltammetric wave for the [FTO-RuaII-RubIV=O]4+/[FTO-
RuaII-RubIII-OH2]5+ couple is distorted due to a PCET-induced kinetic barrier to electron transfer 
caused by the loss of 2 protons solutions more acidic than the [-RubIII-OH2]3+ pKa = ~4.5.13  A 
reversible [FTO-RuaIII-RubIV=O]5+/[FTO-RuaII-RubIV=O]4+ couple appears at 1.36 V. The onset for 
water oxidation appears at this potential and the anticipated further oxidation of [FTO-RuaIII-
RubIV=O]5+ to [FTO-RuaIII-RubV(O)]6+ is not observed due to the catalytic current. 
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Figure 8.2.  Cyclic voltammogram (red) of 1 attached to FTO in 0.1 M HClO4 at a scan rate of 10 mV/s 
showing the oxidations of the catalyst and chromophore, and square wave voltammogram (blue) of 1. 
 
The waves that appear in the CVs of 1 are pH dependent, although there are deviations from 
the expected Nernstian behavior.  From pH 1 – 3, the [FTO-RuaII-RubIII-OH2]5+/[FTO-RuaII-RubII-
OH2]4+ couple is pH independent while the potential for the [FTO-RuaII-RubIV=O]4+/[FTO-RuaII-
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RubIII-OH2]5+ couple decreases by 130 mV/pH unit with increasing pH consistent with a 1e-/2H+ 
couple (Figure 8.3).  Above pH = 3, The [FTO-RuaII-RubIII-OH2]5+/[FTO-RuaII-RubII-OH2]4+ and 
[FTO-RuaII-RubIV=O]4+/[FTO-RuaII-RubIII-OH2]5+ couples overlap and become indistinguishable.  
The potential for these couples above pH 3 decrease by 35 mV/pH unit which is less than the 
expected 59 mV/pH variation expected for the 2e-/2H+ couple [FTO-RuaII-RubIV=O]4+/[FTO-RuaII-
RubII-OH2]4+.  Similar effects have been observed for related surface-bound assemblies, 
apparently due to local electric field effects and protonation/deprotonation of the phosphonic acid 
groups.9 Related assembly 2 in solution displays the expected Nernstian behavior from pH 1 – 11.  
As observed in other systems,9 oxidation of the chromophore in 1 at 1.36 V at pH = 1 is also 
slightly pH dependent with E°′ varying less than the 59 mV/pH unit which would be expected for 
a 1e-/1H+ couple.  
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Figure 8.3.  Pourbaix (E1/2 vs. pH) diagram of 1 on FTO in aqueous buffers (0.1 M phosphate or acetate 
with 0.5 M NaClO4) vs. NHE with 1 on FTO as the working electrode and platinum wire counter electrode. 
 
Rotating ring-disc (RRDE) voltammetry was conducted by first attaching 1 to the disc of a 
RRDE through a previously published procedure.11 In this procedure, the conducting nanoITO 
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was loaded onto the surface of a glassy carbon disc electrode. The assembly was added to the 
surface by immersion in a 0.1 mM solution of 1 in 0.1 M HNO3 (Figure 8.4). 
 
 
Figure 8.4. Diagram of the modified RRDE derivatized with nanoITO and loaded with 1.  Oxygen 
produced at the modified disc is then detected at the ring. 
 
A CV of the [nanoITO-RuaII-RubIII-OH2]5+/[nanoITO-RuaII-RubII-OH2]4+ couple (Figure 8.5) on 
the mesoporous surface was used to determine the surface loading of 1 by integrating the area 
under the wave form for the couple by using Equation 8.1. In Equation 8.1, Q is the charge passed 
(by integration and division by sweep rate, ν), A is the area of the electrode in cm2, F is Faraday’s 
constant, and n is the number of electrons transferred. From the CV in Figure 8.4, the surface 
coverage of 1 was found to be 5.5 x 10-9 mol/cm2. 
 
            (Eq. 8.1)  
 
Oxygen measurements were carried out at the ring of the RRDE, consisting of the nanoITO-
coated carbon disc and at a rotation rate of 500 rpm, through the use of a dual electrode cyclic 
voltammogram (DECV) experiment.  The disc was scanned from 0.9 V to 1.62 V vs NHE at a 
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scan rate of 10 mV/s to electrochemically oxidize 1. The potential of the ring was held at -0.017 
V vs NHE to detect oxygen which is rapidly reduced to water (Figure 8.4). 
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Figure 8.5. CV of 1 on nanoITO coated glassy carbon disc on a RRDE by a dual potentiostat at a scan rate 
of 100 mV/s with a Ag/AgCl reference and platinum wire counter electrode at 295 ± 3 K. 
 
The collection efficiency of the ring is known to depend only on the geometry of the system 
and, for the electrode used, was previously determined to be 25 %.11 With scans to positive 
potentials, the disc current of 1 on nanoITO shows an increase at ~1.2 V vs. NHE for the 
[nanoITO-RuaII-RubIII-OH2]5+/[nanoITO-RuaII-RubII-OH2]4+ couple. It is followed by a large 
increase in current beginning at ~1.3 V vs. NHE for the closely spaced oxidations of [nanoITO-
RuaII-RubIII-OH2]5+ to [nanoITO-RuaII-RubIV=O]4+ and [nanoITO-RuaII-RubIV=O]4+ to [nanoITO-
RuaIII-RubIV=O]5+. Continued scans past 1.30 V resulted in further increases in the disc current 
until a maximum at ~1.55 V.  The ring current over the same potential range mirrors the current 
produced at the disc confirming the appearance of O2 generated electrocatalytically at the disc.  
Oxygen evolution has an onset at 1.4 V vs. NHE with an overpotential of only 230 mV at pH 1 
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relative to 1.17 V for the O2/H2O couple at pH = 1. The ring current increases until ca. 1.55 V and 
then decreases as the disc current decreases (Figure 8.6). 
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Figure 8.6.  Dual electrode cyclic voltammogram of 1 anchored to the derivatized nanoITO disc of the 
RRDE with a potential scan from 1.0 V to 1.62 V vs NHE (red). The current response at the ring (blue) is 
shown over the same range at a potential of -0.017 V vs NHE at 295 ± 3 K. 
 
The Faradaic efficiency was calculated based on the fraction of disc current that went to 
generating oxygen as detected by ring current.  A plot of the Faradaic efficiency of the system as 
a function of the potential is shown in Figure 8.7.  As expected, the efficiency mirrors the i-V 
curve in the DECV experiment.  The current-to-oxygen efficiency reaches a maximum of 27% at 
1.53 V vs. NHE and begins to diminish as the applied potential is increased. The TOF of 1 as a 
function of potential was also calculated based on the surface coverage of 5.5×10-9 mol/cm2 as 
determined by CV (Figure 8.8).  TOFs were calculated based on both the disc and ring currents 
by use of Equation 8.2. In Equation 8.2, i is current in A, n is the number of electrons, F is 
Faraday’s constant, Γ is the surface coverage in mol/cm2, and A is the area of the electrode in 
cm2. 
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           (Eq. 8.2) 
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Figure 8.7.  Faradaic efficiency as a function of applied potential for 1 in a DECV experiment at a 10 mV/s 
sweep rate. 
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Figure 8.8.  Turn-over-frequency (TOF) vs. applied potential for electrocatalytic water oxidation with 1 on 
nanoITO on the disc of the RRDE in a DECV experiment showing the TOF calculated from both the disc 
current (red) and the ring current (blue). These values are lower limits. 
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DISCUSSION 
As noted in the Introduction to this chapter, water oxidation catalysis for assembly 2 by CeIV 
displays a rate enhancement of ~8 compared to the single-site catalyst analog.7  Importantly this 
system displays a redox mediator effect in the CeIV-driven water oxidation as compared to the 
catalyst alone.  This effect suggests a key mechanistic detail in the rate determining step of water 
oxidation by 2 in solution whereby activation of the catalyst is facilitated by the 
chromophore/redox mediator (CRM) (Scheme 8.1).  In this chapter, the focus was on the 
phosphonic-acid derivative, 1, and its water oxidation reactivity on the high surface area, 
conducting oxide, nanoITO.  A key to the synthesis of 1 was utilization of a newly developed 
microwave procedure in a two-stage, one-pot reaction. 
The electrochemical and spectroscopic properties of 1 are comparable to previously studied 2.  
Electrochemical measurements on the surface-bound assembly, FTO-1, display pH-dependent 
behavior as found for 2 and related Ru-polypyridyl catalysts14,15 and Ru-catalyst-Ru-chromophore 
assemblies at low pH.6,7,9  However, as noted in Results, the pH dependences of the [RuaII-RubIII-
OH2]5+/[RuaII-RubII-OH2]4+ and [RuaII-RubIV=O]4+/[RuaII-RubIII-OH2]5+ couples deviate from 
Nernstian behavior (and that of 2) as pH is increased due to local electric field and acid-base 
effects. 
One question surrounding 1 was its ability to catalyze water oxidation with light as opposed to 
a strong oxidant such as CeIV.  The solution studies of 2 suggested a mechanism involving an 
active form of the assembly that could be accessed by oxidation of the chromophore without the 
need to go to potentials sufficient to oxidize the catalyst to the RuV=O.  Based on measurements 
on 2 in solution, E°′ for this couple ([RuaIII-RubV(O)]6+/[RuaIII-RubIV=O]5+) is expected to appear at 
~1.5 V vs. NHE.  As shown by the DECV experiments on the RRDE with 1 on nanoITO, the 
onset for water oxidation at pH = 1 begins at 1.36 V with a current plateau reached at 1.50 V vs. 
NHE. Under these conditions, oxygen is produced in up to 27 % efficiency as shown by current 
measurements at the ring (Figure 8.7).  The <100 % Faradaic efficiency may stem from a 
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combination of factors, including non-productive oxidation of the exposed glassy carbon surface 
of the disc, trapping of O2 in the nanoITO film, or decomposition of the catalyst.  Faradaic 
efficiencies less than 100 % for known Ru water oxidation catalysts were also observed in a 
previous study.11 
The potential for water oxidation coincides with the potential for oxidation of the surface 
bound chromophore, [nanoITO-RuaII-RubIV=O]4+/[nanoITO-RuaIII-RubIV=O]5+ (Figure 8.6), which 
occurs at E1/2 = 1.36 V vs. NHE.  This is significantly lower than the potential required for direct 
oxidation of the catalyst to RuV(O)3+ (1.55 V vs. NHE) and is one of the lowest overpotentials 
(230 mV) reported for water oxidation at pH = 1.  This is a significant observation in the context 
of potential DSPEC applications and the requirement for 3e-/4H+ oxidative activation of the 
assembly.  
 
CONCLUSION 
We have demonstrated that electrochemical water oxidation catalysis with 1 occurs at a mild 
potentials at pH = 1; only 230 mV above the thermodynamic potential for water oxidation (1.17 
V vs. NHE, pH = 1).  Importantly, oxygen evolution was demonstrated upon oxidation of the 
choromphore, and indicates light-driven activation and water oxidation is possible with 1.  This 
topic is explored in the next chapter.  We are also working to determine if the [RuaIII-RubIV=O]5+ 
active form as opposed to a RuV(O)3+ active form is a general phenomenon for catalysts coupled 
to Ru(bpy)32+ species, and can be applied to other systems. 
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CHAPTER 9 
Multiple Charge Build-Up Leading to Water Oxidation in a Ruthenium-Chromophore-
Ruthenium-Catalyst Assembly Anchored to TiO2 
 
INTRODUCTION 
Molecular chromophore-catalyst assemblies for solar fuels production have been the focus of 
the last two chapters.  In photoanode applications, they combine light absorption and catalysis in 
single units. Chromophore excitation, excited state formation, and electron injection into the 
conduction band of a high band gap semiconductor, typically TiO2, is followed by rapid electron 
transfer activation of a linked molecular catalyst.1-5  Progression through a cycle of sequential 
excitation/electron transfer events provides the necessary oxidative equivalents for overall, light-
driven water oxidation at an anode or photoanode.6   
In these assemblies on TiO2, excitation of the surface-bound chromophore is followed by 
excited state electron injection and intra-assembly electron transfer which initiates oxidative 
activation of the catalyst (Equation 9.1).  
 
[TiO2-RuaII-RubII-OH2]4+ 
h
 [TiO2-RuaII*-RubII-OH2]4+ →  
[TiO2(e-)-RuaIII–RubII-OH2]5+ → [TiO2(e-)-RuaII–RubIII-OH2]5+    (Eq. 9.1) 
[TiO2(e-)-RuaII–RubIII-OH2]5+  
e
 [TiO2-RuaII–RubII-OH2]4+         (Eq. 9.2) 
 
The multi-electron/multi-proton nature of the oxidative activation process in Equation 9.1 
poses a significant challenge for dye-sensitized photoelectrosynthesis cell (DSPEC) 
photoelectrochemical schemes based on single photon, single electron events. Given the 3e-/3H+ 
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requirement for catalyst activation, a successful device must absorb and use three photons in 
sucession. The sequence of events in Equation 9.1, (excitation, electron injection, catalyst 
oxidation), provides a first step, but with a requirement for two additional excitation-injection-
electron transfer cycles before back electron transfer (6.7 µs),7 Equation 9.2, can occur.  
As posited in the last chapter, 1 (Figure 9.1) is active for water oxidation when bound to metal 
oxide electrodes.  More importantly, the catalytic onset potential of 1 for water oxidation was 
found to be 1.36 V vs. NHE; the catalytically competent species being [RuaIII-RubIV=O]5+.   
Thermodynamically the multi-electron/multiproton activation of 1 on TiO2 with light is possible, 
the only question that remains for 1 is whether the light-driven activation steps can be 
competitive with back electron transfer (Equation 9.2).  
hv
1
 
Figure 9.1.  Diagram of 1 bound to TiO2.  Upon excitation, the chromophore in 1 injects an electron into 
the conduction band of TiO2.  This is followed by hole-transfer oxidation of the catalyst. 
 
We report here a detailed photophysical study of 1 bound to TiO2 to understand its electron 
transfer characteristics.  Utilizing a new electrode material which consists of a network of 
conductive nanoparticles coated with TiO2 via atomic layer deposition (ALD), and a rotating 
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ring-disc electrode (RRDE) electrochemical experiment, 1 is shown to be the first molecular 
assembly to drive the water oxidation reaction with light! 
 
EXPERIMENTAL 
Materials and Methods. Distilled water was further purified using a Milli-Q Ultrapure water 
purification system. Perchloric acid (99.999% trace metals basis) was purchased from Sigma-
Aldrich.  [((PO3H2)2bpy)2Ru(bpy-bimpy)Ru(tpy)(OH2)](Cl)4 (1) [((PO3H2)2bpy)2 = 4,4′-
bisphosphonic acid-2,2′-bipyridine, bpy-bimpy = N-(2-pyridyl)-N′-(4-bipyridyl-4′-
methyl)benzimidazole; tpy = 2,2′:6′,2′′-terpyridine] was available from the previous chapter.  All 
other reagents were ACS grade and used without additional purification.  Fluoride-doped tin 
oxide (FTO)-coated glass (Hartford Glass; sheet resistance 15 Ω cm-2) was cut into 11 mm X 35 
mm strips and used as the substrate for TiO2 nanoparticle films.  nanoTiO2 thin films, typically 
2.2 µm thick, coating an area, 11 mm X 25 mm, on FTO glass, were prepared according to a 
previously published procedure.8  NanoITO powder was obtained from Lihochem.  
Electrochemical measurements were performed on a CH Instruments model 660D 
potentiostat/galvanostat. Voltammetric measurements were made with a fluoride-doped tin oxide 
(FTO)-coated glass slide as a working electrode, a platinum wire CHI115 counter electrode, and a 
Ag/AgCl CHI111 reference electrode (3 M NaCl, 0.207 V vs. NHE). 
Nanosecond Transient Absorption Spectroscopy.  Transient absorption spectroscopy was 
performed using a commercially available laser flash photolysis apparatus (Edinburgh 
Instruments, Inc., model LP920) with laser excitation (410-2500 nm; 5-7 ns FWHM) provided by 
a pulsed Nd:YAG (Spectra-Physics, Inc., model Quanta-Ray LAB-170-10) / OPO (VersaScan-
MB) laser combination.  For nearly all of the experiments described here, the laser was tuned to 
produce 3.2 mJ, 425 nm laser pulses although a few experiments were performed at 532 nm.  The 
repetition rate of the laser was matched to the rate at which the probe source was pulsed, (i.e. 
intensified 50x compared to non-pulsed output), typically 1 Hz, although the laser flashlamps 
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were always fired at 10 Hz.  Timing of the experiment was PC controlled via Edinburgh software 
(L900).  The white light output of the LP920 probe source, a 450W Xe lamp, was passed through 
a 400 nm long pass color filter before passing through the sample to minimize bandgap excitation 
of TiO2.  The LP920 was equipped with a multi-grating detection monochromator outfitted with a 
Hamamatsu R928 photomultiplier tube (PMT) in a non-cooled housing and a gated CCD 
(Princeton Instruments, PI-MAX3).  The detector was software selectable with the PMT for 
monitoring transient absorption kinetics at a single wavelength (10 ns FWHM IRF, reliable data 
out to 400 s, 300 nm – 900 nm) and the gated CCD for transient spectra covering the entire 
visible region (400-850 nm) at a given time after excitation with a typical gatewidth of 10 ns.  For 
PMT measurements, spectral bandwidth was typically <5 nm with color filters placed after the 
sample but before the detection monochromator to eliminate laser scatter.  Single wavelength 
kinetic data was collected by averaging 10-100 sequences where one sequence simply refers to 
collection of laser only data followed by pump/probe data.  For timescales > 10s, the probe only 
data was also collected within the sequence because the strategy of using the linear portion before 
excitation to extrapolate the light intensity in the absence of the laser pulse was no longer valid 
due to a nonlinear temporal output of the pulsed probe source when viewed on longer timescales 
(> 10s).  For CCD measurements, spectral bandwidth was kept to 3 nm with a 585 nm center 
wavelength; no color filters were used yet laser scatter was avoided by relying on gating the 
detector at times at least 20 ns after the laser pulse arrived at the sample.  By adjusting pixel gain 
(0-100 scale, typically 50), care was taken to ensure that no single pixel recorded more than 
~3000 counts per flash ; higher counts (i.e. more light) led to nonlinear delta absorbance changes.  
Spectral data collected using the gated CCD detector was the result of 100-250 averages.  Delta 
absorbance baseline errors were corrected automatically through the software by using kinetic 
data from a single wavelength.  These errors arose from white light intensity drift over the course 
of the experiment despite collecting the probe only and pump-probe data in an alternating fashion 
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on a shot-to-shot basis.  Kinetic data was analyzed using SigmaPlot (Systat, Inc.), Origin 
(OriginLab, Inc.), or L900 (Edinburgh, Inc.) software.  Data was collected at room temperature 
(295 ± 3 K). 
Sample Preparation. Experiments were performed on samples prepared in the following 
manner.  Chromophore-catalyst-derivatized TiO2/FTO electrodes (1.1 cm x 4.5 cm x 2.2 mm with 
the 2 m thick TiO2 film covering a 1.1 cm x 1 cm area positioned at the lower end of the face of 
the slide) were inserted diagonally into a 1 cm pathlength cuvette that had been modified to 
incorporate a #15 o-ring joint at the top, open face of the cuvette.  Four mL of solution, typically 
0.1 M HClO4, were added to the cuvette such that the derivatized-TiO2 portion of the glass slide 
was completely immersed in solution.  The cuvette was sealed by a separate pyrex piece that was 
outfitted with a mating #15 o-ring joint at the bottom, a Kontes vacuum-rated Teflon valve at the 
top, and a sidearm.  Once these two pieces were mated, they were held together using a #15 o-
ring clamp.  An Argon degassing station (homebuilt using glass manifold, commercially available 
cylinder of pure Argon, and OxiClear oxygen scrubber, model DGP250-R1) was used to bubble 
oxygen-free Argon gas through the solution via small Teflon tubing inserted through the sidearm 
for at least 45 minutes just prior to laser experiments to minimize effects due to the presence of 
oxygen.  UV-Visible absorption of samples was monitored before and after laser experiments to 
track assembly desorption/decomposition. 
Preparation of nano-ITO/TiO2 modified ring-disc electrodes. NanoITO colloidal suspensions 
for films was first prepared as described in the literature.9  The suspension was transferred to the 
substrate (Ti metal disc, 0.196 cm2), which was on the spin chuck of a spin-coater, by Pasteur 
pipette so that the entire area was covered with the suspension.  The sample was spun at 1000 
rpm for 10 seconds, carefully removed from the spin coater, and allowed to dry.  The resulting 
electrode was placed in a tube furnace and annealed under atmospheric conditions by using a 
heating program previously reported.9  Atomic layer deposition (ALD) was performed as 
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previously described, however the nanoITO coated Ti disc was used as the substrate instead of 
nanoITO coated glass slides and TiO2 was deposited over the nanoITO.10 
 The catalysts (1) was loaded by immersing the modified ring-disc electrode in ~ 10-4-10-3 M 
solutions of (1) in 0.1 M HNO3. The projected surface area occupied by (1) was determined by 
the surface area of the Ti disc (0.196 cm2). 
Rotating ring-disc electrode (RRDE) experiments. RRDE experiments were performed with 
a Pine Instruments bipotentiostat and rotator. The working electrode was the previously described 
nanoITO/TiO2 modified ring-disc electrode (nanoITO/TiO2-RRDE). The reference electrode was 
a standard Ag/AgCl electrode (PINE model RREF0021) mounted in a Vycor tipped glass tube 
with fresh electrolyte to avoid chloride contamination of the primary electrolyte. The counter 
electrode was a platinum wire coil in an isolated glass tube with fine glass frit separator (PINE 
model AFCTR5). All the experiments were performed with 0.02 M acetate buffer with 0.5 M 
LiClO4 at pH = 4.6. Linear sweep voltammetry (LSV) experiments in oxygen-saturated solutions 
were performed by using the platinum ring as the working electrode. From these experiments O2 
reduction to H2O at the platinum ring was diffusion-limited at -0.030 V vs. NHE in pH 4.6 
solutions. At more negative potentials, proton reduction begins to occur but it is well separated 
from the O2 reduction. For the RRDE experiments the solutions were degassed by bubbling 
nitrogen for 20 min. The disc potential was held at 1.0 V vs. NHE while the ring potential was 
held at -0.030 V vs. NHE to detect O2.  The modified disc was illuminated with a 532 nm laser 
pointer in a custom-built apparatus that allowed for the beam to be projected through the bottom 
of the electrochemical cell and onto the sample.  A manual cutoff filter was applied to the laser to 
simulate currents in light and in dark. 
 
RESULTS 
Ground State UV-Visible Absorbance.  Complex 1 was loaded onto an FTO coated glass slide 
with a 2 µm coating of mesoporous TiO2 by dipping the slide in a 1 mM solution of 1 in MeOH 
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overnight.  A comparison of the UV/vis spectra of the loaded slide and 1 in solution is shown in 
Figure 9.2.  The absorption spectrum of 1 both in water and loaded onto a slide of TiO2 in the 
visible region is dominated by a MLCT absorption centered at λmax = 463 nm.  This feature is due 
to the overlapping MLCT absorptions of the chromophore [RuaII-]2+ and catalyst [-RubII-OH2]2+ 
sites, which are unperturbed compared to the constituents due to weak electronic coupling across 
the methylene bridge in the ground state as seen for the solution-based assembly (Figure 7.5 in 
Chapter 7).11  At 425 nm, the laser excitation wavelength used for the majority of the transient 
absorption experiments presented here, the absorption of the chromophore (ε = 12,000 M-1cm-1, 
[RuaII-]2+) is 2.1 times that of the catalyst (ε = 5,600 M-1cm-1, [-RubII-OH2]2+).  For 532 nm, the 
ratio is 0.75 : 1, chromophore (ε = 870 M-1cm-1, [RuaII-]2+) : catalyst (ε = 1,200 M-1cm-1, [-RubII-
OH2]2+). 
 
 
Figure 9.2.  UV/vis spectra of 1 (blue), 1 anchored to TiO2 (red), and a blank TiO2 slide (black) in 0.1 M 
HClO4 with slides held at a 45° angle to the beam. 
 
Spectroelectrochemical UV-Visible Absorbance.  Spectroelectrochemical experiments were 
performed on 1 adsorbed to nanoITO to investigate the UV/vis absorbance spectral changes vs. 
applied voltage bias through potentiometric titration (Figure 9.3).  To perform the experiment, a 
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fully loaded nanoITO slide with 1 was subjected to controlled potential electrolysis in 0.1 M 
HClO4 from 0.0 to 1.4 V vs. Ag/AgCl in 0.02 V increments with UV/vis monitoring at each 
potential step.  Each incremental electrolysis was performed for 30 s, which was sufficient time 
for any current generated by oxidation of the surface bound 1 to plateau, signaling a complete 
oxidation at any one potential step.  UV/vis spectra were recorded after each controlled potential 
electrolysis; a selection of the spectra are shown in Figure 9.3 that are representative of the 
spectral changes over time.  The absorption baseline was taken as the initial (0 V) spectrum, 
namely [nanoITO-RuaII-RubII-OH2]4+ after holding a potential of 0.0 V vs. Ag/AgCl for 30 s.   As 
a result, the spectra in Figure 9.3 represent the absorbance difference between the oxidized 
species and starting [nanoITO-RuaII-RubII-OH2]4+. Because higher oxidation states of the 
chromophore and catalyst do not absorb as much as their RuII forms, oxidations appear as a 
“bleach” with only the [-RubIII-OH2]3+ form showing a small positive feature beyond 600 nm.. 
Spectral changes as bias is applied reflect the expected absorption features for 1.  As the first 
oxidation is reached, forming [nanoITO-RuaII-RubIII-OH2]5+, the absorption change manifests in 
an apparent bleach of the absorption of the [nanoITO-RuaII-RubII-OH2]4+ that slowly blue-shifts 
and grows in intensity through the first oxidation.  This negative delta absorption feature is 
centered at 470 nm and is due to the loss in MLCT contribution by the oxidation of [-RubII-OH2]2+ 
with the assumption that contributions to the visible region of the spectrum due to higher 
oxidation states are minimal.  Further oxidation of 1 makes the “bleach” more prominent leading 
eventually to a complete inversion of the ground state absorption spectrum as [nanoITO-RuaII-
RubIII-OH2]5+ is oxidized to [nanoITO-RuaII-RubIV=O]4+ and finally [nanoITO-RuaIII-RubIV=O]5+.  
Importantly, there are no positive absorption features present (other than the very minor, low 
energy visible absorption band for [-RubIII-OH2]3+) indicating that all higher oxidation states of 
the assembly have minimal absorption in the visible region of the spectrum. 
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Figure 9.3.  UV/vis difference spectra from the starting [nanoITO-RuaII-RubII-OH2]4+ after a 30 s controlled 
potential electrolysis at the stated potentials.  Negative absorption represents the lack of MLCT 
contributions from the [nanoITO-RuaII-RubII-OH2]4+ as the RuII states are oxidized. 
 
Nanosecond Transient Absorption.  Interfacial electron transfer dynamics of 1-TiO2/FTO 
immersed in Argon-saturated 0.1 M HClO4  were investigated by transient absorption 
measurements (10 ns FWHM instrument response time) using 3.2 mJ, 425 nm pulsed laser 
excitation.  As noted above, both chromophore and catalyst exhibit a 1MLCT absorption at 
425 nm with the chromophore : catalyst contribution, 2.1:1.  Light absorption by the catalyst was 
not expected to contribute to the observed photophysics on this timescale because its excited 
state; 1) relaxes >108 s-1, 2) is not electronically coupled to the metal oxide surface, and 3) is not 
thermodynamically capable of transferring an electron into the conduction band of TiO2.  On the 
other hand, photon absorption by the chromophore unit induces facile electron injection into the 
TiO2 conduction band, which is favored by 0.2 eV, in >108 s-1, and was too rapid to monitor on 
this experimental apparatus.  Transient absorption difference spectra following 425 nm excitation 
are shown in Figure 9.4.  The initial spectrum (20 ns) showed two broad features – one a positive 
absorbance beyond ~500 nm and the other a bleach centered at ~440 nm – consistent with MLCT 
excitation of [TiO2-RuaII-RubII-OH2]4+ followed by rapid injection and sub-nanosecond, intra-
assembly oxidation of [TiO2(e-)-RuaIII-RubII-OH2]4+ to [TiO2(e-)-RuaII-RubIII-OH2]4+.  As this 
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bleach decays back to zero, a new positive absorption feature centered at 513 nm appears over the 
course of 1.5 µs.  This feature is long-lived and remains for >400 µs. 
 
Figure 9.4.  Transient absorption difference spectra taken after pulsed laser excitation of 1 on TiO2 in 0.1 
M HClO4 at 295 K.  A positive feature appears at 513 nm within 100 ns and reaches a maximum at 1.5 µs. 
 
These time-evolving absorption dynamics were monitored more carefully (Figure 9.5) by 
performing PMT-based, single wavelength experiments on a fully-loaded slide of [TiO2-RuaII-
RubII-OH2]4+ in 0.1 M HClO4 exciting at 425 nm.  The kinetics of disappearance of the MLCT 
bleach, probed at 450 nm,  and simultaneous appearance of the new absorption feature, probed at 
515 nm, are shown overlaid in Figure 9.5.  The growth observed in the 515 nm signal reaches a 
maximum by ~ 1.5 s, appears to be correlated to the 450 nm decay, and persists for 100’s of s.   
 
 
Figure 9.5.  Kinetic traces of the bleach at 450 nm (green curve) and at 515 nm (pink curve) following 425 
nm excitation at 3.3 mJ on a fully loaded TiO2 slide of 1 in 0.1 M HClO4 at 295 K followed for 10 µs.  
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Laser Wavelength and Pulse Energy Dependence.  To investigate the impact of laser 
wavelength and pulse energy on the formation kinetics of the new key spectral feature at 515 nm, 
experiments were performed using varied laser excitation conditions - 425 nm (3.2 mJ, 1.5 mJ, 
0.5 mJ; Figure 9.6A) and 532 nm (0.5 mJ and 5.6 mJ; Figure 9.6B).  In all cases the 515 nm 
feature was observed and exhibited nearly identical kinetics above a threshold pulse energy 
(Figures S1 and S2 in Appendix H).  For 425 nm, 1.5 mJ and 3.2 mJ pulse energies resulted in 
nearly identical growth kinetics yet slowed when using 0.5 mJ (Figure 9.6A).  For 532 nm, 5.6 mJ 
excitation yielded kinetics which matched those from higher pulse energy 425 nm excitation 
(Figure S1 in Appendix H), while 0.5 mJ excitation led to slower growth kinetics (Figure 9.6B) 
similar to the behavior with 425 nm excitation. 
 
A B
 
Figure 9.6.  Kinetic traces at 515 nm (A) following 425 nm excitation at 3.2 mJ (blue curve), 1.5 mJ (pink 
curve), and 0.5 mJ (green curve) and (B) following 532 nm excitation at 5.6 mJ (green curve) and 0.5 mJ 
(pink curve) on a fully loaded TiO2 slide of 1 in 0.1 M HClO4 at 295 K followed for 10 µs. 
 
Measurements after Electrochemical Pre-oxidation of Catalyst Sites to [–Rub
III-OH2]
2+.  In 
order to probe the putative second light-driven step toward water splitting, transient absorption 
data were collected on a fully loaded slide that was pre-oxidized electrochemically to generate 
[TiO2-RuaII-RubIII-OH2]5+ as the predominant initial species.  The slide was loaded with 1 as 
previously described, after which it was placed in a three electrode cell as the working electrode 
with a Ag/AgCl (3 M NaCl) reference (.207 V vs. NHE) and platinum counter electrode in 0.1 M 
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HClO4 containing 0.02 mM Fe(tpy)22+. A potential of 1.0 V vs. NHE was applied in a controlled 
potential electrolysis for 1 h in order to oxidize the [–RubII-OH2]2+ to [–RubIII-OH2]3+.  Since 
electron transport through the nanocrystalline TiO2 film is prohibitive due to poor charge mobility 
through the semiconductor, the [–RubII-OH2]2+ is oxidized through an electron hopping 
mechanism around the outside of the TiO2 particles to the conducting FTO interface.12-14  Added 
Fe(tpy)22+ acts as a redox mediator to assist in this process as it has an oxidation potential of 1.0 V 
vs. NHE for Fe(tpy)23+/2+. Once prepared, transient absorption measurements (3.2 mJ, 425 nm 
excitation) of these films were collected immediately afterwards. 
 
Figure 9.7.  Transient absorption difference spectra taken after 425 nm excitation of pre-oxidized 1 on TiO2 
in 0.1 M HClO4 at 295 K.  The positive feature appears at 513 nm within 100 ns and reaches a maximum at 
1.5 µs. 
 
 
Figure 9.8.  Kinetic traces at 515 nm following 425 nm excitation at 3.3 mJ on a fully loaded TiO2 slide of 
pre-oxidized 1 (blue curve) and native 1 (pink curve) in 0.1 M HClO4 at 295 K followed for 400 µs 
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The delta absorbance spectra of the pre-oxidized, surface bound 1 (Figure 9.7) were 
qualitatively similar to those observed when starting with [TiO2-RuaII-RubII-OH2]4+.  At 20 ns, the 
spectrum is marked by two distinct, broad features –a positive absorbance beyond ~525 nm and a 
bleach centered at ~440 nm.  Spectroelectrochemical UV/vis absorbance analysis shows that the 
absorption spectra of the [–RubIII-OH2]3+ and [–RubIV=O]2+ species are difficult to distinguish 
(Figure 9.3).  The 20 ns TA spectrum is likely the net result of MLCT excitation of [TiO2-RuaII-
RubIII-OH2]5+ to [TiO2-RuaII*-RubIII-OH2]5+ followed by ultrafast electron injection yielding 
[TiO2(e-)-RuaIII-RubIII-OH2]5+.  Intra-assembly oxidation of [TiO2(e-)-RuaIII-RubIII-OH2]5+ to 
[TiO2(e-)-RuaII-RubIV=O]3+ is expected to be slower than the first oxidation of the catalyst because 
the driving force for oxidation of [–RubIII-OH2]3+ by [–RuaIII–]3+ at pH = 1 is 0.1 eV, which is 3x 
less than ΔG for the first oxidation of the catalyst by the chromophore.  Just as observed in the 
[TiO2-RuaII-RubII-OH2]4+ TA data, a new positive absorption band centered at 515 nm grows in as 
the 440 nm bleach decays away within 1.5 µs.  The appearance of the 515 nm absorbance was 
enhanced as compared to that observed when starting from [TiO2-RuaII-RubII-OH2]4+ (Figure S3 in 
Appendix H). 
 
 
Figure 9.9.  Kinetic traces at 515 nm following 425 nm excitation at 3.3 mJ on a fully loaded TiO2 slide of 
pre-oxidized 1 (green curve), a 50% coverage slide of pre-oxidized 1 (pink curve), and a 50% coverage 
slide of 1 (blue curve) in 0.1 M HClO4 at 295 K followed for 10 µs. 
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 A slide was also half-loaded with 1 (as determined by UV/vis) to observe any cross-surface 
effects on the formation of the 515 nm feature.  Single wavelength kinetics at 515 nm on the half-
loaded slide do not appear to show growth of the positive spectral feature.  A half-loaded slide of 
1 was also pre-oxidized in the manner described for the fully loaded slide.  With 425 nm 
excitation, the TA kinetics monitored at 515 nm showed the growth of the positive absorbance 
feature, although the signal was less intense than for the fully loaded slides (Figure 9.9). 
Spectral Deconvolution of Spectroelectorchemical Experiment Leading to the 515 nm Species 
in the TA Spectra.  Spectral deconvolution through the use of SPECFIT/3215 of the 
spectroelectrochemical experiments suggest a possibility for the positive absorption feature at 
515 nm in the TA spectra.  Through the use of SPECFIT/32, the spectrum for [nanoITO-RuaII-
RubIII-OH2]5+ was exported from a Nernstian-like fit and was then used with the corrected data set 
as ΔA zero.  The [nanoITO-RuaII-RubII-OH2]4+ state then appears as a positive difference feature 
at 510 nm (Figure 9.10).  This closely resembles the observed TA spectra for times greater than 
2 s and appears to explain the origin of the positive 515 nm band that grows in over time. 
 
 
Figure 9.10.  Spectral deconvolution of the spectroelectrochemical data using SPECFIT/32 to elucidate the 
expected spectral features if the baseline is [MxOy-RuaII-RubIII-OH2]5+ and [MxOy-RuaII-RubII-OH2]4+ is 
formed in the reaction. 
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Light-Driven Water Oxidation Monitored by RRDE.  Rotating ring-disc (RRDE) voltammetry 
was conducted by first attaching 1 to the modified disc of a RRDE consisting of TiO2 coated 
nanoITO as described in the experimental section.  The assembly was attached to the surface by 
immersion in a 0.1 mM solution of 1 in 0.1 M HNO3.  For light-driven experiments, a 532 nm 
laser was mounted below the RRDE containing the modified disc which had a cut-off filter to 
control the irradiation of the sample (Figure 9.11). 
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Figure 9.11. Side-view (left) of RRDE apparatus with a Ti disc coated with the nanoITO/TiO2 
mesopourous material and 1, at Pt ring to detect oxygen, and a 532 nm laser illuminating the sample from 
the bottom, and (right) the structure of 1 bound to TiO2/nanoITO-Ti disc. 
 
Oxygen measurements were carried out at the ring of the RRDE, consisting of the 
nanoITO/TiO2-coated Ti disc with a rotation rate of 500 rpm, through the use of a dual electrode 
controlled potential electrolysis.  The disc was held at 1.2 V vs. NHE to apply a bias to 1, and the 
potential of the ring was held at -0.030 V vs. NHE to detect oxygen at pH = 4.6 (20 mM acetate 
buffer, with 0.5 M LiClO4).  Figure 9.12 shows the current response at both the disc (red) and 
ring (blue) with and without 532 nm light.  Upon illumination, the current at both the disc and the 
ring increases rapidly and then begins to slowly decline.  The amount of current produced at the 
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ring (from O2 reduction), is ~5 % of that expected if the entire amount of current at the disc were 
going to O2 production.  Importantly, dual electrode cyclic voltammogram (DECV) experiments 
under these conditions did not show any oxygen production at a disc potential of 1.2 V vs. NHE 
(Figure S4 in Appendix H). 
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Figure 9.12.  Photolysis of 1 bound to a nanoITO/TiO2 modified Ti-disc in controlled potential RRDE 
experiment at pH = 4.6 (20 mM acetate buffer, 0.5 M LiClO4) showing the disc current (red) and ring 
current (blue) generated under illumination. 
 
DISCUSSION 
 Transient absorption spectroscopy of 1 on TiO2 show unexpected behavior that is not 
consistent with a simple single-electron injection from an excited chromophore followed by a 
single-electron intra-assembly oxidation of catalyst as previously observed for other 
chromophore-catalyst systems.7  The dominant spectral feature that provides evidence of a 
different mechanism after photoexcitation of the chromophore and electron injection is the 
positive feature at 515 nm in the TA spectroscopy.  The spectroelectrochemical analysis suggests 
that the positive TA feature centered near 515 nm that appears after laser excitation arises from 
the formation of [TiO2-RuaII-RubII-OH2]4+ as a result of the existence of some [TiO2-RuaII-RubIII-
OH2]5+ sites that have been pre-formed before the laser pulse.  This assignment is further justified 
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through TA measurements by considering that when starting with a greater concentration of 
[TiO2-RuaII-RubIII-OH2]5+, as when the assembly is pre-oxidized, the appearance of the 515 nm 
TA band is enhanced. 
In this interpretation of the TA data, the positive 515 nm feature arises from generation of 
excess [TiO2-RuaII-RubII-OH2]4+ formed by recombination of electrons photo-injected following 
pulsed laser excitation with pre-formed [TiO2-RuaII-RubIII-OH2]5+ sites whose origin is unclear.  
Room light in the presence of oxygen was ruled out as the source of [TiO2-RuaII-RubIII-OH2]5+ on 
the basis of similar absorbance spectra collected with and without added reducing agent.  It 
should also be noted that multi-photon effects from the 10 ns laser pulse, without the presence of 
[TiO2-RuaII-RubIII-OH2]5+ sites before excitation, cannot explain the appearance of the 515 nm 
feature because there is no pathway to generate excess [TiO2-RuaII-RubII-OH2]4+ during 
recombination. 
 For [TiO2-RuaII-RubII-OH2]4+ sites, laser excitation results in photo-injection to give [TiO2(e-)-
RuaIII-RubII-OH2]4+, followed by presumably sub-nanosecond intra-assembly electron transfer to 
give [TiO2(e-)-RuaII-RubIII-OH2]4+.  For the pre-formed [TiO2-RuaII-RubIII-OH2]5+ sites, laser 
excitation of the chromophore results in electron injection into TiO2 to give [TiO2(e-)-RuaIII-RubIII-
OH2]5+ followed by electron diffusion through the TiO2 to other discrete [TiO2-RuaII-RubIII-OH2]5+ 
surface sites where back electron transfer (BET) results in [TiO2(e-)-RuaII-RubIII-OH2]4+  [TiO2-
RuaII-RubII-OH2]4+.  Intra-assembly oxidation of the generated [TiO2(e-)-RuaIII-RubIII-OH2]5+  then 
gives [TiO2-RuaII-RubIV=O]4+, with competitive BET to give back [TiO2-RuaII-RubIII-OH2]5+.  In 
this mechanism, [TiO2-RuaII-RubII-OH2]4+ is generated from [TiO2-RuaII-RubIII-OH2]5+ which gives 
rise to the spectral feature at 515 nm, a process that takes ~1.5 µs based on the growth kinetics of 
the 515 nm feature which is consistent with electron diffusion through the TiO2 and BET to a 
remote [TiO2-RuaII-RubIII-OH2]5+ site.  Any generation of excess [TiO2-RuaII-RubII-OH2]4+ from 
[TiO2-RuaII-RubIII-OH2]5+ must also produce an equivalent of [TiO2-RuaII-RubIV=O]4+ in this 
mechanism.  Equilibration of [TiO2-RuaII-RubII-OH2]4+ and [TiO2-RuaII-RubIV=O]4+ to give 2 
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[TiO2-RuaII-RubIII-OH2]5+ leads to the generation of the starting [TiO2-RuaII-RubIII-OH2]5+ states 
and occurs on a timescale of several hundred µs.  This proposed mechanism to generate [TiO2-
RuaII-RubII-OH2]4+ is shown in Scheme 9.1. 
Scheme 9.1.  Origin of 515 nm Species.  
 
 
 The mechanism for the generation of the positive feature at 515 nm is based on the assumption 
that both the [-RubIII-OH2]3+ and [-RubIV=O]2+ MLCT absorptions have minimal contribution in 
the visible region.  This assumption is reasonable given the data previously collected for the 
assembly in solution. 
Importantly, the formation of [TiO2-RuaII-RubIV=O]4+ with light during the TA experiments 
suggests light-activation of 1 is possible.  From experiments described in the previous two 
chapters and in literature,11 the active form of 1 in water oxidation is [RuaIII-RubIV=O]5+, which is 
only one more excitation-injection step away from the species formed during TA experiments.  
Also, these experiments showed that the [TiO2-RuaII-RubIV=O]4+ is long lived (>400 µs), giving it 
ample opportunity to undergo another excitation and injection.  The two biggest complications to 
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overcome, however, remain (1) preventing the BET steps long enough for 1 to turn over, and (2) 
the physical measurements of small quantities of oxygen. 
To overcome these barriers, we devised an experiment diagramed in Figure 9.11 that utilized a 
new material attached to the disc of a rotating-ring disc electrode.  The RRDE technique has 
already been shown to be capable of measuring small amounts of oxygen in real time, as recently 
published.16  We sought to apply this technique, but needed to anchor 1 to the disc via a TiO2 
layer.  For this we turned to a newly developed technique of coating sintered, conductive particles 
of nanoITO with thin layers (1 – 20 nm) of TiO2.  The nanoITO provided a conductive scaffold 
on the disc, and the TiO2 provided a substrate for injected electrons from the excited state of 1. 
The most important feature of this design is the thickness of the TiO2, which limits the diffusion 
length for the e- that is injected,7,17 and the e- can thus be quickly removed via applied bias before 
it has time to undergo BET (Figure 9.13). 
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Figure 9.13.  Diagram of 1 bound to the new nanoITO/TiO2 hybrid material that was attached to the disc of 
an RRDE.  The thin film of TiO2 allows for electron injection from 1 in the usual way, but the electron can 
be quickly removed as the path-length it has to travel to reach the conducting nanoITO is much shorter than 
in bulk TiO2. 
 
By holding a bias at the disc and a sufficient potential at the ring to detect oxygen, we were 
able to observe the current changes at both the disc and ring with and without illumination.  
Utilizing a 532 nm laser for excitation, the beam was directed at the disc coated with 1.  Upon 
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illumination, additional current well above background was seen at both the disc and the ring 
(Figure 9.12).  The disc current is due to excitation and electron injection into the TiO2.  As 
electrons are injected and removed through the nanoITO with applied bias, the current increases 
and slowly decays toward an equilibrium.  Almost instantaneously, current at the ring increases, 
indicating that the current produced from electron injection by 1 on the disc is going toward water 
oxidation.  This is the first known example of a surface-bound molecular assembly oxidizing 
water with light. 
 
CONCLUSIONS 
 In this report we have shown evidence for the photo-generation of [TiO2-RuaII-RubII-OH2]4+ 
through TA experimentation on thin film TiO2 slides loaded with 1.  The mechanism by which 
this species is generated from [TiO2-RuaII-RubIII-OH2]5+ also generates, through photon 
absorption, [TiO2-RuaII-RubIV=O]4+ vide infra.  These species are long-lived, and build-up of 
[TiO2-RuaII-RubIII-OH2]5+ occurs due to the multiple laser flashes in a TA experiment. 
 These results led to the investigation of O2 production from water by 1 with light.  Through 
the use of a new TiO2 coated nanoITO material and RRDE technique, we have shown that 1 is a 
competent catalyst for water oxidation with light.  1 functions as a descreet, molecular 
chromophore-catalyst assembly that undergoes successive excitation-injection-intra-assembly 
oxidation events to generate the active catalyst, [TiO2-RuaIII-RubIV=O]5+ which reacts with water 
to generate O2.  To date, this is the only molecular assembly that has been shown to perform 
water oxidation and paves the way for new investigations into light-driven catalysis.  
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APPENDIX A 
Water Oxidation by Single-Site Ruthenium Catalysts 
 
 
Figure S1.  1H NMR spectrum for [trans-Ru(tpy)(Me-bimpy)(OH2)](NO3)2 in CD3CN as [trans-
Ru(tpy)(Me-bimpy)(CD3CN)](NO3)2. 
 
 
Figure S2.  1H NMR spectrum for [Ru(tpy)(acac)(OH2)](PF6) in CD3CN as 
[Ru(tpy)(acac)(CD3CN)](PF6). 
 
 
Figure S3.  1H NMR spectrum for [Ru(Mebimpy)(bpy)(Cl)]Cl in CD3OD. 
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Figure S4.  1H NMR spectrum for [Ru(Mebimpy)(Mebim-py)(OH2)](OTf)2 in CD3CN as 
[Ru(Mebimpy)(Mebim-py)(CD3CN)](OTf)2. 
 
 
Figure S5.  1H NMR spectrum for [Ru(Mebimpy)(bpz)(OH2)](OTf)2 in CD3CN as 
[Ru(Mebimpy)(bpz)(CD3CN)](OTf)2. 
 
 
Figure S6.  1H spectrum for [Ru(bDMAP)(bpy)(OH2)](PF6)2 in CD3CN as 
[Ru(bDMAP)(bpy)(CD3CN)](PF6)2. 
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Figure S7.  1H spectrum for [Ru(bDMAP)(MeIm-py)(OH2)](PF6)2 in CD3CN as 
[Ru(bDMAP)(MeIm-py)(CD3CN)](PF6)2. 
 
 
Figure S8.  Representative example for the determination of rate constants for the rate-limiting 
step in the water oxidation cycle for the two pathways.  A) The rate limiting step for 
[Ru(tpy)(bpy)(OH2)]2+ in 0.1 M HNO3 is first-order in [Ru] and zeroth-order in [CeIV].  B) The 
rate-limiting step for [Ru(Mebimpy)(Mebim-pz)(OH2)]2+ in 0.1 M HNO3 is first-order in [Ru] 
and first order in [CeIV]. 
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Figure S9.  Plot of the half-lives for CeIV consumption as a function of E1/2 for the RuV/III couple 
for a series of monomeric catalysts. 
 
 
Figure S10.  Oxygen evolution/number of turnovers vs time plot for the addition of 30 equiv. of 
CeIV to 6.5 mL of 2.9x10-3 M [Ru(tpy)(bpm)(OH2)](PF6)2 in 1.0 M HNO3 at 298 K. 
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Figure S11.  Oxygen evolution/number of turnovers vs time plot for the addition of 30 equiv. of 
CeIV to 8.0 mL of 1.0x10-3 M [Ru(tpy)(Mebim-py)(OH2)](ClO4)2 in 0.1 M HNO3 at 298 K. 
 
 
Figure S12.  Oxygen evolution/number of turnovers vs time plot for the addition of 30 equiv. of 
CeIV to 8.0 mL of 1.0x10-3 M [Ru(tpy)(Mebim-pz)(OH2)](PF6)2 in 0.1 M HNO3 at 298 K. 
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Figure S13.  Plots of E1/2 (V vs Ag/AgCl) vs pH for the RuIII/II (a), RuIV/III (b), and RuV/IV (c) 
redox couples of trans-[Ru(tpy)(Mebim-py)(OH2)]2+ (I = 0.1 M; GC working electrode; scan rate, 
100 mV/s). 
 
 
Figure S14.  Plots of E1/2 (V vs Ag/AgCl) vs pH for the RuIII/II (a), RuIV/III (b), and RuV/IV (c) 
redox couples of trans-[Ru(tpy)(bpy)(OH2)]2+ (I = 0.1 M; GC working electrode; scan rate, 100 
mV/s). 
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cis-[Ru(tpy)(Mebim-py)(NCCH3)](PF6)2 
 
 
 
Table 1: Crystal data and structure refinement for x1011007  
Identification code  x1011007  
Empirical formula  C33H31.5F12N7.5O0.5P2Ru  
Formula weight  932.17  
Temperature / K  100  
Crystal system  triclinic  
Space group  P-1  
a / Å, b / Å, c / Å  10.2599(2), 13.0239(3), 14.2823(3)  
α/°, β/°, γ/°  83.2380(10), 79.0280(10), 76.7860(10)  
Volume / Å3  1818.45(7)  
Z  2  
ρcalc / mg mm-3  1.702  
μ / mm-1  5.243  
F(000)  936  
Crystal size / mm3  0.346 × 0.248 × 0.09  
Theta range for data collection  3.16 to 139.66°  
Index ranges  -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, 0 ≤ l ≤ 17  
Reflections collected  25158  
Independent reflections  6599[R(int) = 0.0255]  
Data/restraints/parameters  6599/284/546  
Goodness-of-fit on F2  1.044  
Final R indexes [I>2σ (I)]  R1 = 0.0350, wR2 = 0.0832  
Final R indexes [all data]  R1 = 0.0355, wR2 = 0.0835  
Largest diff. peak/hole / e Å-3  1.279/-1.069  
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for x1011007. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
C3 2707(3) 2371(2) 2378(2) 27.7(6) 
C4 1875(3) 2113(2) 4146(2) 23.7(6) 
C5 2957(3) 2282(2) 4519(2) 29.6(6) 
C6 2862(3) 2161(3) 5505(2) 35.3(7) 
C7 1718(4) 1904(3) 6092(2) 38.1(8) 
C8 626(3) 1754(3) 5721(2) 32.2(7) 
C9 729(3) 1850(2) 4729(2) 24.4(6) 
N10 -132(2) 1774.5(18) 4097.0(16) 21.1(5) 
C11 -1354(3) 1429(2) 4243(2) 21.3(5) 
C12 -1951(3) 992(2) 5107(2) 28.6(6) 
C13 -3122(3) 632(2) 5132(2) 30.9(7) 
C14 -3666(3) 709(2) 4305(2) 28.5(6) 
C15 -3033(3) 1162(2) 3477(2) 23.0(6) 
C18 691(3) -175(2) 1872(2) 22.9(6) 
C19 853(3) -1171(2) 1561(2) 31.9(7) 
C20 -87(4) -1349(2) 1059(2) 38.6(8) 
C21 -1142(4) -533(3) 859(2) 33.6(7) 
C22 -1255(3) 455(2) 1183.9(19) 22.5(6) 
C24 -2344(3) 1373(2) 1006(2) 25.0(6) 
C25 -3372(3) 1414(3) 484(2) 37.5(8) 
C26 -4322(3) 2343(4) 419(3) 47.7(10) 
C27 -4271(3) 3206(3) 876(3) 47.3(10) 
C28 -3222(3) 3135(3) 1393(2) 30.9(7) 
C29 -3002(3) 3951(2) 1938(2) 34.3(8) 
C30 -3847(4) 4949(3) 2001(3) 52.0(11) 
C31 -3558(5) 5675(3) 2514(3) 62.9(15) 
C32 -2434(6) 5395(3) 2955(3) 60.2(14) 
C33 -1618(4) 4386(2) 2885(2) 39.4(8) 
C36 942(3) 3066(2) 382(2) 25.2(6) 
C37 1713(3) 3546(3) -454(2) 38.2(8) 
C1 442(3) 2012(2) 3146.4(19) 19.5(5) 
N2 1669(2) 2191.3(18) 3197.7(17) 21.2(5) 
N16 -1886(2) 1524.8(17) 3434.8(16) 18.8(5) 
N17 -345(2) 624.8(17) 1702.8(15) 17.6(4) 
N23 -2293(2) 2227.8(19) 1430.9(16) 22.0(5) 
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N34 -1891(3) 3667.2(18) 2392.2(18) 28.0(6) 
N35 361(2) 2691.2(18) 1031.6(16) 19.6(5) 
Ru1 
-
806.56(18) 
2118.04(14) 2207.21(13) 15.68(7) 
C41 6792(15) 3673(11) 5974(9) 72(3) 
C42 6190(19) 3594(17) 5189(15) 42(3) 
N43 5698(8) 3526(6) 4499(6) 49.0(17) 
C45 5970.0(2) 3730(19) 4996(15) 58(4) 
C46 6838(15) 4027(10) 5636(8) 63(3) 
C48 8883(10) 4655(7) 5514(6) 62(2) 
C49 10020.0(2) 4967(18) 4805(8) 67(4) 
O47 8037(6) 4250(4) 5026(4) 54.5(13) 
F11 -4232(3) 101(2) 8808.4(17) 65.9(7) 
F12 -3397(3) 411(3) 7301.4(18) 94.2(12) 
F13 -5211(3) 1690.1(19) 7089(2) 76.3(9) 
F14 -6115(3) 1334(4) 8638(3) 114.7(15) 
F15 -5429(3) 62(2) 7628(2) 80.9(9) 
F16 -4106(4) 1739(2) 8294(2) 93.5(12) 
P1 -4776.8(8) 909.0(6) 7965.2(6) 30.49(18) 
F21 2530(3) 4893.5(19) 2401(2) 82.3(10) 
F22 3080(2) 4894(2) 805(2) 72.3(8) 
F23 1434(2) 6320.0(17) 630.3(17) 48.4(5) 
F24 790(3) 6336.0(18) 2221.2(18) 61.1(6) 
F25 934(2) 4860.6(17) 1507(2) 59.9(7) 
F26 2970(3) 6367.2(19) 1548(2) 70.6(8) 
P2 1950.8(9) 5615.0(6) 1530.9(8) 43.2(2) 
 
Table 3. Anisotropic Displacement Parameters (Å2×103) for x1011007. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
C3 23.2(14) 31.7(15) 29.5(16) 1.9(12) -4.2(12) -10.8(12) 
C4 28.5(14) 17.3(13) 26.1(15) -2.8(11) -9.4(12) -2.0(11) 
C5 28.9(15) 25.8(15) 36.6(17) -4.5(12) -12.9(13) -4.0(12) 
C6 37.0(17) 35.5(17) 38.0(18) -9.2(14) -21.2(15) -1.7(14) 
C7 46(2) 42.0(19) 27.3(16) -6.2(14) -16.9(15) -1.2(15) 
C8 37.1(17) 34.6(17) 23.2(15) -2.1(12) -6.6(13) -3.3(13) 
C9 28.0(14) 21.9(14) 23.8(14) -4.0(11) -7.7(12) -2.4(11) 
N10 24.9(12) 23.4(12) 16.0(11) -2.6(9) -2.3(9) -7.2(9) 
C11 23.7(13) 18.5(13) 20.4(14) -4.9(10) 0.0(11) -3.2(10) 
C12 35.2(16) 30.0(15) 19.8(14) -2.0(11) 0.1(12) -9.2(13) 
C13 36.4(16) 29.7(16) 24.0(15) -0.1(12) 6.7(13) -12.3(13) 
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C14 24.6(14) 29.2(15) 30.8(16) -3.1(12) 3.8(12) -10.6(12) 
C15 19.6(13) 23.7(14) 24.9(14) -3.0(11) 0.1(11) -5.5(11) 
C18 23.3(14) 23.0(14) 20.5(13) -2.1(11) -0.9(11) -3.0(11) 
C19 42.7(18) 22.1(14) 24.9(15) -1.1(12) 1.5(13) -1.1(13) 
C20 68(2) 22.5(15) 27.6(16) -6.0(12) -4.4(16) -14.8(15) 
C21 53(2) 34.3(17) 22.6(15) -2.4(12) -10.5(14) -23.5(15) 
C22 25.8(14) 28.5(14) 17.0(13) -0.9(11) -4.1(11) -13.6(12) 
C24 20.9(13) 35.9(16) 20.5(14) 2.7(12) -3.7(11) -12.9(12) 
C25 25.9(16) 65(2) 25.9(16) 6.6(15) -9.4(13) -19.9(16) 
C26 21.8(16) 87(3) 34.4(19) 12.3(19) -12.1(14) -13.8(18) 
C27 17.2(15) 69(3) 40(2) 21.4(19) -1.8(14) 7.6(15) 
C28 19.3(14) 33.7(16) 29.3(16) 11.5(13) 4.1(12) 1.7(12) 
C29 29.5(16) 26.9(15) 31.0(16) 9.2(12) 12.8(13) 4.8(12) 
C30 45(2) 30.5(19) 54(2) 16.1(17) 22.6(18) 11.3(16) 
C31 74(3) 21.4(18) 59(3) 10.9(17) 37(2) 13.3(18) 
C32 101(4) 18.9(17) 44(2) -7.8(15) 33(2) -13(2) 
C33 61(2) 21.9(15) 29.3(17) -4.7(12) 14.1(16) -12.0(15) 
C36 23.2(14) 32.8(15) 22.9(15) -3.3(12) -6.8(12) -9.7(12) 
C37 32.4(17) 59(2) 26.1(16) 8.6(15) -4.1(13) -21.4(16) 
C1 22.5(13) 15.9(12) 20.0(13) -2.5(10) -1.5(10) -5(1) 
N2 22.9(11) 20.9(11) 21.9(12) -1.4(9) -6.1(9) -6.9(9) 
N16 19.2(11) 18.0(11) 17.5(11) -2.2(8) 2.2(9) -4.3(9) 
N17 17.4(10) 19.8(11) 15.9(11) -2.1(8) -1.1(8) -5.7(9) 
N23 15(1) 27.7(12) 20.0(11) 5.6(9) -0.6(9) -3.3(9) 
N34 34.7(14) 17.5(11) 24.4(12) -0.5(9) 9.6(10) -2.9(10) 
N35 19.2(11) 22.6(11) 18.3(11) -2.8(9) -2.7(9) -7.2(9) 
Ru1 15.66(11) 15.53(11) 15.48(11) -1.77(7) -0.36(7) -4.16(7) 
C41 76(7) 86(9) 67(7) -30(6) -16(6) -26(6) 
C42 40(5) 41(7) 45(6) -10(5) 1(4) -16(5) 
N43 55(4) 43(4) 52(4) -12(3) -4(3) -17(3) 
C45 65(9) 38(7) 55(10) -2(7) 20(6) -7(6) 
C46 80(5) 49(5) 43(5) 2(4) 14(4) -2(4) 
C48 88(5) 49(4) 44(4) -7(3) -15(4) 1(4) 
C49 82(5) 58(5) 60(11) -9(8) -20(8) -6(4) 
O47 67(3) 51(3) 33(3) -3(2) 5(2) -1(3) 
F11 105(2) 56.9(15) 36.8(12) 5.2(11) -21.8(13) -16.6(14) 
F12 38.8(13) 196(4) 36.9(13) -8.0(18) -12.1(11) 1.2(17) 
F13 126(2) 40.4(13) 76.9(18) 4.9(12) -73.3(18) -6.1(14) 
F14 45.9(16) 182(4) 112(3) -82(3) 14.7(17) -2(2) 
F15 114(2) 59.1(16) 96(2) -20.6(15) -45.4(19) -40.2(16) 
F16 168(3) 85(2) 72.9(19) 26.1(15) -73(2) -93(2) 
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P1 31.9(4) 33.6(4) 31.3(4) -4.3(3) -8.6(3) -14.3(3) 
F21 119(2) 33.7(12) 110(2) 13.4(14) -74(2) -13.1(14) 
F22 33.7(12) 54.5(15) 128(3) -29.8(15) -26.7(14) 14.2(10) 
F23 33.5(10) 44.5(12) 59.9(14) 5.2(10) -6.4(9) 0.9(9) 
F24 79.0(17) 36.5(12) 59.8(15) -0.5(10) 0.0(13) -7.6(11) 
F25 49.0(13) 38.3(12) 100(2) 0.0(12) -21.1(13) -19.1(10) 
F26 60.0(15) 44.3(13) 122(2) 0.6(14) -41.7(16) -22.5(12) 
P2 37.5(5) 21.3(4) 74.0(7) 1.2(4) -22.9(4) -4.4(3) 
 
 
Table 4. Bond Lengths for x1011007. 
Atom Atom Length/Å   Atom Atom Length/Å 
C3 N2 1.461(4)   C29 N34 1.374(4) 
C4 C5 1.389(4)   C30 C31 1.375(7) 
C4 C9 1.392(4)   C31 C32 1.377(7) 
C4 N2 1.399(4)   C32 C33 1.391(5) 
C5 C6 1.385(5)   C33 N34 1.341(4) 
C6 C7 1.390(5)   C36 C37 1.460(4) 
C7 C8 1.387(5)   C36 N35 1.127(4) 
C8 C9 1.394(4)   C1 N2 1.349(4) 
C9 N10 1.403(4)   C1 Ru1 1.997(3) 
N10 C11 1.398(4)   N16 Ru1 2.057(2) 
N10 C1 1.402(3)   N17 Ru1 2.075(2) 
C11 C12 1.390(4)   N23 Ru1 2.021(2) 
C11 N16 1.349(4)   N34 Ru1 2.090(2) 
C12 C13 1.379(4)   N35 Ru1 2.039(2) 
C13 C14 1.383(5)   C41 C42 1.40(2) 
C14 C15 1.373(4)   C42 N43 1.211(19) 
C15 N16 1.353(4)   C45 C46 1.53(2) 
C18 C19 1.385(4)   C46 O47 1.431(13) 
C18 N17 1.344(4)   C48 C49 1.491(16) 
C19 C20 1.379(5)   C48 O47 1.429(11) 
C20 C21 1.379(5)   F11 P1 1.600(2) 
C21 C22 1.392(4)   F12 P1 1.593(3) 
C22 C24 1.473(4)   F13 P1 1.582(2) 
C22 N17 1.365(4)   F14 P1 1.546(3) 
C24 C25 1.391(4)   F15 P1 1.576(2) 
C24 N23 1.344(4)   F16 P1 1.564(2) 
C25 C26 1.375(6)   F21 P2 1.591(3) 
C26 C27 1.380(6)   F22 P2 1.605(3) 
C27 C28 1.396(5)   F23 P2 1.593(2) 
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C28 C29 1.470(5)   F24 P2 1.591(3) 
C28 N23 1.341(4)   F25 P2 1.595(2) 
C29 C30 1.390(4)   F26 P2 1.593(2) 
 
Table 5. Bond Angles for x1011007. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C4 C9 C8 120.5(3)   N16 C15 C14 122.6(3) 
C4 C9 N10 105.0(2)   N16 Ru1 N17 88.69(8) 
C4 N2 C3 123.2(2)   N16 Ru1 N34 92.82(9) 
C5 C4 C9 122.1(3)   N17 C18 C19 122.6(3) 
C5 C4 N2 130.2(3)   N17 C22 C21 121.0(3) 
C5 C6 C7 121.2(3)   N17 C22 C24 115.7(2) 
C6 C5 C4 117.1(3)   N17 Ru1 N34 156.74(10) 
C7 C8 C9 117.4(3)   N23 C24 C22 112.8(2) 
C8 C7 C6 121.8(3)   N23 C24 C25 120.1(3) 
C8 C9 N10 134.4(3)   N23 C28 C27 119.0(3) 
C9 C4 N2 107.6(2)   N23 C28 C29 113.4(3) 
N10 C1 Ru1 114.18(18)   N23 Ru1 N16 93.82(9) 
C11 N10 C9 131.9(2)   N23 Ru1 N17 78.39(9) 
C11 N10 C1 116.8(2)   N23 Ru1 N34 78.35(10) 
C11 N16 C15 118.0(2)   N23 Ru1 N35 89.60(9) 
C11 N16 Ru1 116.95(18)   N34 C29 C28 115.6(3) 
C12 C11 N10 124.8(3)   N34 C29 C30 121.2(4) 
C12 C13 C14 119.7(3)   N34 C33 C32 122.0(4) 
C13 C12 C11 118.4(3)   N35 C36 C37 179.2(3) 
C15 C14 C13 118.8(3)   N35 Ru1 N16 176.57(9) 
C15 N16 Ru1 124.92(19)   N35 Ru1 N17 91.64(9) 
C18 N17 C22 118.7(2)   N35 Ru1 N34 88.22(9) 
C18 N17 Ru1 127.01(19)   N43 C42 C41 179(2) 
C20 C19 C18 118.7(3)   C48 O47 C46 113.2(8) 
C20 C21 C22 119.4(3)   O47 C46 C45 107.0(12) 
C21 C20 C19 119.7(3)   O47 C48 C49 109.2(8) 
C21 C22 C24 123.3(3)   F12 P1 F11 86.44(15) 
C22 N17 Ru1 114.22(18)   F13 P1 F11 175.95(18) 
C24 N23 Ru1 118.64(19)   F13 P1 F12 89.64(17) 
C25 C24 C22 127.0(3)   F14 P1 F11 91.1(2) 
C25 C26 C27 120.7(3)   F14 P1 F12 177.0(2) 
C26 C25 C24 118.4(4)   F14 P1 F13 92.9(2) 
C26 C27 C28 119.2(3)   F14 P1 F15 91.1(2) 
C27 C28 C29 127.6(3)   F14 P1 F16 89.8(2) 
C28 N23 C24 122.5(3)   F15 P1 F11 91.71(16) 
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C28 N23 Ru1 118.8(2)   F15 P1 F12 87.3(2) 
C29 N34 Ru1 113.8(2)   F15 P1 F13 89.08(16) 
C30 C29 C28 123.2(4)   F16 P1 F11 88.01(15) 
C30 C31 C32 119.1(3)   F16 P1 F12 91.8(2) 
C31 C30 C29 119.6(4)   F16 P1 F13 91.15(14) 
C31 C32 C33 119.6(4)   F16 P1 F15 179.1(2) 
C33 N34 C29 118.4(3)   F21 P2 F22 89.12(17) 
C33 N34 Ru1 127.7(2)   F21 P2 F23 177.48(17) 
C36 N35 Ru1 175.5(2)   F21 P2 F24 92.79(17) 
C1 N10 C9 111.1(2)   F21 P2 F25 90.86(15) 
C1 N2 C3 125.3(2)   F21 P2 F26 89.31(15) 
C1 N2 C4 111.4(2)   F23 P2 F22 88.53(15) 
C1 Ru1 N16 78.17(10)   F23 P2 F25 90.02(13) 
C1 Ru1 N17 104.33(9)   F23 P2 F26 89.80(14) 
C1 Ru1 N23 171.37(10)   F24 P2 F22 177.67(16) 
C1 Ru1 N34 98.68(11)   F24 P2 F23 89.57(13) 
C1 Ru1 N35 98.45(10)   F24 P2 F25 89.44(14) 
N2 C1 N10 104.8(2)   F24 P2 F26 90.85(15) 
N2 C1 Ru1 140.6(2)   F25 P2 F22 89.21(14) 
N16 C11 N10 112.7(2)   F26 P2 F22 90.50(15) 
N16 C11 C12 122.4(3)   F26 P2 F25 179.66(19) 
 
Table 6.  Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for x1011007.  
Atom x y z U(eq) 
H3A 2419 2259 1789 42 
H3B 3566 1877 2447 42 
H3C 2832 3099 2348 42 
H5 3729 2472 4116 35 
H6 3591 2256 5785 42 
H7 1683 1828 6766 46 
H8 -160 1592 6127 39 
H12 -1562 941 5668 34 
H13 -3554 333 5714 37 
H14 -4464 455 4310 34 
H15 -3415 1223 2912 28 
H18 1337 -52 2219 27 
H19 1597 -1721 1691 38 
H20 -9 -2031 852 46 
H21 -1785 -645 505 40 
H25 -3416 816 179 45 
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H26 -5022 2392 55 57 
H27 -4940 3841 840 57 
H30 -4619 5128 1692 62 
H31 -4127 6360 2561 75 
H32 -2215 5889 3309 72 
H33 -846 4200 3194 47 
H37B 1091 3938 -878 57 
H37A 2377 2990 -797 57 
H37C 2187 4030 -248 57 
H41B 7776 3585 5772 108 
H41A 6600 3121 6477 108 
H41C 6419 4370 6222 108 
H45A 6498 3138 4630 86 
H45C 5678 4340 4555 86 
H45B 5165 3522 5394 86 
H46B 6336 4657 5977 75 
H46A 7083 3435 6116 75 
H48A 9251 4107 5993 75 
H48B 8344 5276 5853 75 
H49B 9650 5504 4329 100 
H49A 10565 4345 4485 100 
H49C 10593 5257 5136 100 
 
 
  
Experimental  
Single crystals of C33H31.5F12N7.5O0.5P2Ru cis-[Ru(tpy)(Mebim-py)(NCCH3)](PF6)2 were 
recrystallised by slow diffusion of diethyl ether into a concentrated solution of cis-
[Ru(tpy)(Mebim-py)(NCCH3)](PF6)2 in acetonitrile, mounted in inert oil, and transferred to the 
cold gas stream of the diffractometer.  
Crystal structure determination of cis-[Ru(tpy)(Mebim-py)(NCCH3)](PF6)2 
Crystal Data. C33H31.5F12N7.5O0.5P2Ru, M =932.17, triclinic, a = 10.2599(2) Å, b = 13.0239(3) Å, 
c = 14.2823(3) Å, α = 83.2380(10)°, β = 79.0280(10)°, γ = 76.7860(10)°, U = 1818.45(7) Å3, T = 
100, space group P-1 (no. 2), Z = 2, μ(CuKα) = 5.243, 25158 reflections measured, 6599 unique 
(Rint = 0.0255) which were used in all calculations. The final wR(F2) was 0.0835 (all data).  
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APPENDIX B 
First-Row Transition Metal Complexes of Multi-Dentate Ligands for Water Oxidation Catalysis 
 
 
 
 
Figure S1.  One-pot synthesis of the pentadentate carbene ligand precursor [PY4bim](Br) (top) 
and 1H NMR of the isolated product in CD3OD (300 MHz) (bottom). 
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* * * * * *
 
Figure S2.  1H NMR spectrum of 1 in CD3CN as a mixture of [Fe(PY4bim)(OH2)]2+ and 
[Fe(PY4bim)(CD3CN)]2+.  The *’s indicate the OH2-coordinated species.  In order to take the 1H 
NMR in CD3CN, the Cl- salt of the as-synthesized 1 was dissolved in H2O and precipitated with 
NH4PF6, giving [Fe(PY4bim)(OH2)](PF6)2. 
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Figure S3.  Cyclic voltammograms for 1 ([Fe(PY4bim)(OH2)]2+, green), 2 ([Co(PY4bim)(OH2)]2+, 
pink), 3 ([Ni(PY4bim)(OH2)]2+, red), 4 ([Cu(PY4bim)(OH2)]2+, blue), and the GC background (black) in 
0.1 M phosphate buffer (pH = 7) with 1.0 mM complex with a glassy carbon working electrode, 
Ag/AgCl reference electrode, and Pt counter electrode.  CVs were taken with a scan rate of 100 
mV/s and potentials are reported vs NHE.  
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Figure S4.  Cyclic voltammograms of 5 at 100 mV/s (green), 50 mV/s (blue), 25 mV/s (red), 10 
mV/s (black), and GC background (pink) in 0.1 M phosphate buffer (pH = 7.8) with 1.0 mM 
complex with a glassy carbon working electrode, Ag/AgCl reference electrode, and Pt counter 
electrode.  Potentials are reported vs NHE. 
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Figure S5. Cyclic voltammogram of 1 at 100 mV/s (red) with 1.0 mM complex and the FTO 
background (black) in 0.1 M phosphate buffer (pH = 7) with an FTO working electrode, Ag/AgCl 
reference electrode, and Pt counter electrode.  Potentials are reported vs NHE. 
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[Fe(PY4bim)(NCCH3)](PF6)2  
 
 
Table 1 Crystal data and structure refinement for x1109013  
Identification code  x1109013  
Empirical formula  C31H25F12FeN7P2  
Formula weight  841.37  
Temperature/K  100  
Crystal system  orthorhombic  
Space group  Imma  
a/Å  10.4460(6)  
b/Å  11.6934(6)  
c/Å  27.7612(13)  
α/°  90.00  
β/°  90.00  
γ/°  90.00  
Volume/Å3  3391.0(3)  
Z  4  
ρcalcmg/mm3  1.648  
m/mm-1  5.397  
F(000)  1696  
Crystal size/mm3  0.182 × 0.105 × 0.087  
Theta range for data collection  6.36 to 139.74°  
Index ranges  -10 ≤ h ≤ 12, -14 ≤ k ≤ 14, -33 ≤ l ≤ 33  
Reflections collected  17525  
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Independent reflections  1792[R(int) = 0.0419]  
Data/restraints/parameters  1792/54/150  
Goodness-of-fit on F2  1.064  
Final R indexes [I>2σ (I)]  R1 = 0.0353, wR2 = 0.0940  
Final R indexes [all data]  R1 = 0.0373, wR2 = 0.0959  
Largest diff. peak/hole / e Å-3  0.363/-0.728  
 
 
Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for x1109013. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Fe1 5000 7500 3899.7(2) 12.65(18) 
N1 5000 7500 4613.4(13) 25.1(8) 
N2 6272.0(17) 6194.6(15) 3869.4(6) 17.4(4) 
N3 5000 6579(2) 2951.6(9) 25.0(6) 
C1 5000 7500 5021(2) 52.9(17) 
C2 5000 7500 5547(3) 107(4) 
C3 7229(2) 6052(2) 4190.5(9) 28.6(5) 
C4 8084(3) 5150(2) 4171.6(12) 44.5(8) 
C5 7987(2) 4359(2) 3807.3(13) 42.7(7) 
C6 7005(2) 4479.6(19) 3474.1(9) 27.4(5) 
C7 6165(2) 5386.7(18) 3520.3(7) 18.4(4) 
C8 5000 5475(2) 3197.7(10) 18.4(6) 
C9 5000 7500 3235.5(15) 19.6(9) 
C10 5000 6900(3) 2464.5(13) 39.3(10) 
C11 5000 6272(3) 2042.6(13) 53.1(13) 
C12 5000 6904(3) 1617.4(14) 67.4(17) 
P1 5000 7500 7656.2(4) 19.5(3) 
F1 5000 7500 8235.3(10) 36.4(7) 
F2 3921.7(14) 6528.0(12) 7654.7(5) 33.0(4) 
F3 5000 7500 7075.5(9) 25.1(6) 
P2 10000 7500 5104.3(4) 23.4(3) 
F4 8458(2) 7500 5106.9(7) 35.7(5) 
F5 10000 7500 5681.2(10) 35.4(7) 
F6 10000 6137.0(16) 5102.0(7) 36.6(5) 
F7 10000 7500 4528.5(9) 30.5(6) 
 
 
Table 3 Anisotropic Displacement Parameters (Å2×103) for x1109013. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
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Fe1 13.8(3) 11.9(3) 12.3(3) 0 0 0 
N1 38(2) 21.0(18) 16.3(19) 0 0 0 
N2 15.4(8) 14.7(8) 22.0(9) 1.4(7) 0.1(7) -1.5(7) 
N3 46.8(17) 13.9(12) 14.2(12) 1.2(10) 0 0 
C1 88(5) 43(3) 28(3) 0 0 0 
C2 172(9) 117(7) 32(4) 0 0 0 
C3 22.7(11) 18.2(11) 44.7(14) -2(1) -13.1(10) -0.3(9) 
C4 24.8(13) 22.3(12) 86(2) -4.0(13) -27.4(14) 4.1(11) 
C5 17.8(12) 19.0(12) 91(2) -7.6(13) -5.7(13) 5.9(10) 
C6 20.1(11) 16.9(10) 45.3(14) -4.9(10) 7.8(10) -0.7(9) 
C7 18(1) 15.1(10) 22.2(10) 0.9(8) 5.0(8) -1.8(8) 
C8 29.5(16) 11.6(13) 14.0(13) -0.6(11) 0 0 
C9 28(2) 13.5(19) 17(2) 0 0 0 
C10 86(3) 16.6(17) 15.1(16) 2.5(13) 0 0 
C11 126(4) 16.2(16) 17.5(16) -1.7(14) 0 0 
C12 164(5) 23(2) 14.6(17) -2.3(15) 0 0 
P1 26.8(6) 15.4(5) 16.3(5) 0 0 0 
F1 65(2) 28.1(15) 15.9(13) 0 0 0 
F2 37.0(8) 29.3(7) 32.6(7) 0.2(6) 5.4(6) -11.2(7) 
F3 30.9(14) 26.5(14) 18.0(12) 0 0 0 
P2 45.0(7) 12.4(5) 12.7(5) 0 0 0 
F4 43.3(12) 38.1(12) 25.6(10) 0 2.2(9) 0 
F5 63(2) 30.1(15) 13.2(12) 0 0 0 
F6 66.7(15) 14(1) 29.2(11) 1.5(8) 0 0 
F7 51.1(18) 27.2(14) 13.2(12) 0 0 0 
 
 
Table 4 Bond Lengths for x1109013. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe1 N1 1.981(4)   C8 C72 1.515(3) 
Fe1 N21 2.0255(18)   C9 N33 1.335(4) 
Fe1 N22 2.0255(18)   C10 C103 1.403(7) 
Fe1 N2 2.0255(18)   C10 C11 1.382(5) 
Fe1 N23 2.0255(18)   C11 C12 1.393(5) 
Fe1 C9 1.844(4)   C12 C123 1.393(8) 
N1 C1 1.133(8)   P1 F1 1.608(3) 
N2 C3 1.350(3)   P1 F23 1.6002(14) 
N2 C7 1.358(3)   P1 F2 1.6002(14) 
N3 C8 1.460(4)   P1 F21 1.6002(14) 
N3 C9 1.335(4)   P1 F22 1.6002(14) 
N3 C10 1.404(4)   P1 F3 1.612(3) 
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C1 C2 1.460(9)   P2 F4 1.610(2) 
C3 C4 1.383(4)   P2 F44 1.610(2) 
C4 C5 1.374(4)   P2 F5 1.602(3) 
C5 C6 1.388(4)   P2 F6 1.5938(19) 
C6 C7 1.382(3)   P2 F64 1.5938(19) 
C7 C8 1.515(3)   P2 F7 1.598(3) 
1+X,3/2-Y,+Z; 21-X,+Y,+Z; 31-X,3/2-Y,+Z; 42-X,3/2-Y,+Z 
 
Table 5 Bond Angles for x1109013. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 Fe1 N21 92.38(5)   C103 C10 N3 105.53(18) 
N1 Fe1 N2 92.38(5)   C11 C10 N3 132.4(3) 
N1 Fe1 N22 92.38(5)   C11 C10 C103 122.1(2) 
N1 Fe1 N23 92.38(5)   C10 C11 C12 115.9(4) 
N23 Fe1 N2 175.24(10)   C11 C12 C123 122.1(2) 
N22 Fe1 N2 97.81(10)   F1 P1 F3 180.000(1) 
N21 Fe1 N22 175.24(10)   F22 P1 F1 90.16(6) 
N22 Fe1 N23 81.99(10)   F21 P1 F1 90.16(6) 
N21 Fe1 N23 97.81(10)   F2 P1 F1 90.16(6) 
N21 Fe1 N2 81.99(10)   F23 P1 F1 90.16(6) 
C9 Fe1 N1 180.000(1)   F22 P1 F21 179.68(12) 
C9 Fe1 N2 87.62(5)   F23 P1 F21 90.52(11) 
C9 Fe1 N23 87.62(5)   F2 P1 F21 89.48(11) 
C9 Fe1 N22 87.62(5)   F23 P1 F22 89.48(11) 
C9 Fe1 N21 87.62(5)   F2 P1 F22 90.52(11) 
C1 N1 Fe1 180.000(1)   F2 P1 F23 179.68(12) 
C3 N2 Fe1 123.49(15)   F2 P1 F3 89.84(6) 
C3 N2 C7 116.49(19)   F23 P1 F3 89.84(6) 
C7 N2 Fe1 120.00(14)   F21 P1 F3 89.84(6) 
C9 N3 C8 115.9(3)   F22 P1 F3 89.84(6) 
C9 N3 C10 110.6(3)   F44 P2 F4 179.49(16) 
C10 N3 C8 133.4(3)   F5 P2 F44 89.74(8) 
N1 C1 C2 180.000(2)   F5 P2 F4 89.74(8) 
N2 C3 C4 123.2(2)   F64 P2 F4 90.001(1) 
C5 C4 C3 119.6(2)   F6 P2 F4 90.001(1) 
C4 C5 C6 118.4(2)   F64 P2 F44 90.001(1) 
C7 C6 C5 119.0(2)   F6 P2 F44 90.001(1) 
N2 C7 C6 123.2(2)   F6 P2 F5 90.22(8) 
N2 C7 C8 116.13(19)   F64 P2 F5 90.22(8) 
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C6 C7 C8 120.5(2)   F64 P2 F6 179.55(16) 
N3 C8 C71 109.69(16)   F6 P2 F7 89.78(8) 
N3 C8 C7 109.69(16)   F64 P2 F7 89.78(8) 
C71 C8 C7 107.0(2)   F7 P2 F44 90.26(8) 
N3 C9 Fe1 126.18(19)   F7 P2 F4 90.26(8) 
N33 C9 Fe1 126.18(19)   F7 P2 F5 180.000(1) 
N3 C9 N33 107.6(4)           
11-X,+Y,+Z; 2+X,3/2-Y,+Z; 31-X,3/2-Y,+Z; 42-X,3/2-Y,+Z 
Table 6 Torsion Angles for x1109013. 
A B C D Angle/˚ 
Fe1 N1 C1 C2 0(100) 
Fe1 N2 C3 C4 179.1(2) 
Fe1 N2 C7 C6 179.29(16) 
Fe1 N2 C7 C8 -5.2(2) 
N1 Fe1 N2 C3 -34.93(18) 
N1 Fe1 N2 C7 143.21(15) 
N1 Fe1 C9 N3 153(100) 
N1 Fe1 C9 N31 -27(100) 
N21 Fe1 N1 C1 159(100) 
N2 Fe1 N1 C1 -21(100) 
N22 Fe1 N1 C1 -118(100) 
N23 Fe1 N1 C1 62(100) 
N23 Fe1 N2 C3 -127.00(16) 
N22 Fe1 N2 C3 57.8(2) 
N21 Fe1 N2 C3 145.06(17) 
N21 Fe1 N2 C7 -36.79(15) 
N23 Fe1 N2 C7 51.14(17) 
N22 Fe1 N2 C7 -124.05(14) 
N2 Fe1 C9 N31 -138.96(5) 
N21 Fe1 C9 N3 -138.96(5) 
N23 Fe1 C9 N3 -41.04(5) 
N23 Fe1 C9 N31 138.96(5) 
N22 Fe1 C9 N3 138.96(5) 
N22 Fe1 C9 N31 -41.04(5) 
N2 Fe1 C9 N3 41.04(5) 
N21 Fe1 C9 N31 41.04(5) 
N2 C3 C4 C5 1.1(5) 
N2 C7 C8 N3 59.5(2) 
N2 C7 C8 C73 -59.4(3) 
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N3 C10 C11 C12 180.000(1) 
C3 N2 C7 C6 -2.4(3) 
C3 N2 C7 C8 173.07(19) 
C3 C4 C5 C6 -1.6(5) 
C4 C5 C6 C7 0.1(4) 
C5 C6 C7 N2 2.0(3) 
C5 C6 C7 C8 -173.3(2) 
C6 C7 C8 N3 -124.9(2) 
C6 C7 C8 C73 116.2(2) 
C7 N2 C3 C4 0.9(4) 
C8 N3 C9 Fe1 0.0 
C8 N3 C9 N31 180.0 
C8 N3 C10 C101 180.0 
C8 N3 C10 C11 0.000(2) 
C9 Fe1 N1 C1 0(99) 
C9 Fe1 N2 C3 145.07(18) 
C9 Fe1 N2 C7 -36.79(15) 
C9 N3 C8 C7 -58.60(15) 
C9 N3 C8 C73 58.60(15) 
C9 N3 C10 C101 0.000(1) 
C9 N3 C10 C11 180.000(1) 
C10 N3 C8 C7 121.40(15) 
C10 N3 C8 C73 -121.40(15) 
C10 N3 C9 Fe1 180.0 
C10 N3 C9 N31 0.0 
C101 C10 C11 C12 0.000(1) 
C10 C11 C12 C121 0.000(2) 
11-X,3/2-Y,+Z; 2+X,3/2-Y,+Z; 31-X,+Y,+Z 
Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for x1109013.  
Atom x y z U(eq) 
H2A 4431 8105 5665 161 
H2B 5871 7638 5665 161 
H2C 4698 6757 5665 161 
H3 7321 6598 4442 34 
H4 8733 5077 4409 53 
H5 8578 3744 3784 51 
H6 6911 3947 3218 33 
H8 5000 4839 2957 22 
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H11 5000 5460 2043 64 
H12 5000 6511 1318 81 
 
 
Experimental  
Single crystals of C31H25F12FeN7P2 were grown by slow diffusion of diethyl ether into a 
concentrated acetonitrile solution of [Fe(PY4bim)(NCCH3)](PF6)2.  A suitable crystal 
was selected and mounted in paratone oil using a MiteGen mylar tip on a Bruker-AXS 
SMART APEX-II diffractometer. The crystal was kept at 100 K. Using Olex2 [1], the 
structure was solved with the olex2.solve [2] structure solution program using Charge 
Flipping and refined with the XL [3] refinement package using Least Squares 
minimisation. 
 
1. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. 
Puschmann, OLEX2: a complete structure solution, refinement and analysis 
program. J. Appl. Cryst. (2009). 42, 339-341. 
2. olex2.solve (L.J. Bourhis, O.V. Dolomanov, R.J. Gildea, J.A.K. Howard, H. 
Puschmann, in preparation, 2011) 
3. XL, G.M. Sheldrick, Acta Cryst. (2008). A64, 112-122 
Crystal structure determination of 1  
Crystal Data. C31H25F12FeN7P2, M =841.37, orthorhombic, a = 10.4460(6) Å, b = 
11.6934(6) Å, c = 27.7612(13) Å, U = 3391.0(3) Å3, T = 100, space group Imma (no. 74), 
Z = 4, μ(CuKα) = 5.397, 17525 reflections measured, 1792 unique (Rint = 0.0419) which 
were used in all calculations. The final wR(F2) was 0.0959 (all data).  
 
 
 
 
 
 
Ni(PY4bim)Br 
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Table 1 Crystal data and structure refinement for MN2-209  
Identification code  MN2-209  
Empirical formula  C33H32Br2N6NiO  
Formula weight  747.18  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  12.7068(6)  
b/Å  17.1698(10)  
c/Å  14.3284(7)  
α/°  90.00  
β/°  100.692(3)  
γ/°  90.00  
Volume/Å3  3071.8(3)  
Z  4  
ρcalcmg/mm3  1.616  
m/mm-1  4.257  
F(000)  1512.0  
Crystal size/mm3  0.185 × 0.13 × 0.07  
2Θ range for data collection  8.12 to 140.2°  
Index ranges  -15 ≤ h ≤ 15, -20 ≤ k ≤ 17, -17 ≤ l ≤ 17  
Reflections collected  18057  
Independent reflections  5713[R(int) = 0.0657]  
Data/restraints/parameters  5713/60/438  
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Goodness-of-fit on F2  1.101  
Final R indexes [I>=2σ (I)]  R1 = 0.0697, wR2 = 0.1754  
Final R indexes [all data]  R1 = 0.0891, wR2 = 0.1854  
Largest diff. peak/hole / e Å-3  1.07/-1.57  
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Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for MN2-209. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Br1 4110.2(6) 2694.9(5) 7162.7(6) 28.8(2) 
Ni1 3017.7(9) 1727.9(7) 6147.9(8) 16.3(3) 
N1 1538(4) 2407(3) 6037(4) 15.0(11) 
N2 3073(5) 2350(4) 4792(4) 18.7(12) 
N3 1370(4) 1163(3) 4602(4) 13.6(11) 
N4 2201(4) 220(3) 5407(4) 14.4(11) 
N5 4333(4) 907(3) 6120(4) 14.1(11) 
N6 2810(4) 926(4) 7306(4) 17.0(12) 
C1 1242(6) 2756(4) 6770(5) 21.6(15) 
C2 270(6) 3141(4) 6703(6) 24.4(16) 
C3 -431(6) 3162(5) 5855(6) 27.6(17) 
C4 -145(6) 2780(4) 5070(5) 21.1(15) 
C5 842(5) 2417(4) 5195(5) 15.8(14) 
C6 1176(5) 1994(4) 4356(5) 14.3(13) 
C7 2185(5) 2335(4) 4107(5) 19.2(14) 
C8 2181(6) 2605(5) 3198(6) 27.7(18) 
C9 3137(7) 2886(6) 2976(6) 36(2) 
C10 4025(6) 2913(5) 3672(6) 32(2) 
C11 3966(6) 2639(5) 4573(6) 23.5(16) 
C12 922(5) 483(4) 4154(5) 15.7(14) 
C13 143(5) 361(4) 3354(5) 17.1(14) 
C14 -84(5) -407(4) 3106(5) 17.2(14) 
C15 426(5) -1020(4) 3656(5) 17.5(14) 
C16 1199(5) -906(4) 4456(5) 16.1(14) 
C17 1448(5) -132(4) 4691(5) 14.0(13) 
C18 2137(5) 988(4) 5342(5) 14.5(13) 
C19 2989(5) -117(4) 6181(5) 12.8(13) 
C20 4136(5) 138(4) 6132(4) 14.1(13) 
C21 4921(5) -423(4) 6156(5) 16.9(14) 
C22 5964(6) -186(5) 6194(5) 21.4(15) 
C23 6179(5) 609(5) 6174(5) 21.0(15) 
C24 5340(5) 1135(4) 6147(5) 17.6(14) 
C25 2758(5) 155(4) 7141(5) 16.4(14) 
C26 2565(6) -381(5) 7796(5) 20.4(15) 
C27 2413(6) -109(5) 8697(6) 27.6(17) 
C28 2488(6) 679(5) 8872(5) 26.0(17) 
C29 2672(5) 1177(5) 8158(5) 20.4(15) 
Br2 6757.7(6) 2255.8(5) 4466.7(6) 24.7(2) 
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O1 2350(20) 5580(20) 3830(20) 51(8) 
C30 4320(30) 5610(20) 4180(20) 47(9) 
C31 3280(30) 5930(30) 3540(30) 56(11) 
C32 2150(30) 4740(30) 3670(30) 44(9) 
C33 990(40) 4600(20) 3740(30) 44(9) 
O2 2170(11) 5236(10) 3798(10) 48(3) 
C34 3745(19) 5971(13) 3763(16) 61(6) 
C35 3271(14) 5190(11) 3701(13) 56(5) 
C36 1664(17) 4507(10) 3740(11) 39(4) 
C37 540(16) 4611(11) 3819(14) 48(5) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for MN2-209. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
Br1 25.6(4) 27.2(5) 31.6(4) -7.1(3) 0.1(3) -3.3(3) 
Ni1 15.8(6) 13.8(6) 18.3(6) -0.7(5) 1.0(5) -0.5(4) 
N1 14(3) 12(3) 18(3) -1(2) -1(2) -5(2) 
N2 19(3) 14(3) 23(3) 2(2) 4(2) 2(2) 
N3 13(3) 14(3) 13(3) 2(2) -1(2) 2(2) 
N4 13(3) 13(3) 17(3) 1(2) 3(2) 2(2) 
N5 14(3) 15(3) 13(3) 0(2) 2(2) 1(2) 
N6 14(3) 17(3) 19(3) -3(2) 2(2) -1(2) 
C1 21(4) 19(4) 24(4) -2(3) 2(3) -4(3) 
C2 28(4) 15(4) 33(4) -3(3) 12(3) -5(3) 
C3 24(4) 19(4) 42(5) 0(3) 11(3) 6(3) 
C4 22(4) 17(4) 25(4) 4(3) 6(3) 1(3) 
C5 17(3) 12(4) 18(3) 0(3) 2(3) -3(3) 
C6 13(3) 14(4) 16(3) -1(3) 1(3) 0(2) 
C7 18(3) 14(4) 26(4) 5(3) 3(3) 0(3) 
C8 25(4) 31(5) 26(4) 16(3) 2(3) 8(3) 
C9 26(4) 49(6) 33(5) 24(4) 7(3) 6(4) 
C10 24(4) 35(5) 41(5) 17(4) 12(4) 3(3) 
C11 17(3) 19(4) 34(4) 1(3) 5(3) -1(3) 
C12 13(3) 21(4) 15(3) 0(3) 6(3) 2(3) 
C13 12(3) 23(4) 17(3) 2(3) 4(3) 2(3) 
C14 14(3) 21(4) 17(3) -3(3) 5(3) 0(3) 
C15 13(3) 18(4) 21(4) 0(3) 3(3) -2(3) 
C16 14(3) 14(4) 22(4) 2(3) 7(3) 2(2) 
C17 10(3) 21(4) 12(3) 1(3) 4(2) -1(2) 
C18 14(3) 18(4) 12(3) 4(3) 3(2) 1(3) 
C19 12(3) 10(3) 17(3) 3(3) 3(2) 0(2) 
C20 12(3) 19(4) 10(3) -5(3) -1(2) 0(2) 
C21 19(3) 18(4) 14(3) 2(3) 2(3) 3(3) 
C22 19(3) 31(4) 15(3) -2(3) 2(3) 8(3) 
C23 14(3) 29(4) 21(4) -4(3) 7(3) -1(3) 
C24 19(3) 20(4) 15(3) -1(3) 6(3) -2(3) 
C25 6(3) 22(4) 20(4) -2(3) -1(2) 1(2) 
C26 19(3) 20(4) 22(4) 5(3) 4(3) 5(3) 
C27 22(4) 37(5) 25(4) 8(3) 7(3) 3(3) 
C28 25(4) 34(5) 17(4) -1(3) 0(3) 2(3) 
C29 14(3) 26(4) 19(4) -5(3) -4(3) -1(3) 
Br2 19.8(4) 18.5(4) 35.8(5) 7.9(3) 5.0(3) 2.0(3) 
O1 51(11) 56(12) 49(10) -3(9) 14(8) 11(8) 
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C30 48(12) 50(12) 46(12) -7(8) 15(9) -3(8) 
C31 50(14) 63(14) 53(14) 5(9) 6(9) -1(9) 
C32 47(12) 44(12) 39(11) -5(9) 1(9) 7(9) 
C33 42(13) 47(12) 44(12) 2(8) 10(9) 3(9) 
O2 51(6) 47(8) 53(6) -10(6) 24(5) -10(6) 
C34 63(9) 67(9) 59(9) -3(7) 29(8) -12(8) 
C35 56(8) 61(9) 57(8) -7(6) 23(6) -10(6) 
C36 47(8) 40(7) 29(6) 1(5) 3(6) -7(6) 
C37 40(8) 51(8) 53(8) 10(6) 6(7) -8(7) 
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Table 4 Bond Lengths for MN2-209. 
Atom Atom Length/Å   Atom Atom Length/Å 
Br1 Ni1 2.4595(14)   C8 C9 1.397(11) 
Ni1 N1 2.192(6)   C9 C10 1.360(12) 
Ni1 N2 2.230(6)   C10 C11 1.388(11) 
Ni1 N5 2.192(6)   C12 C13 1.384(10) 
Ni1 N6 2.210(6)   C12 C17 1.401(10) 
Ni1 C18 1.929(7)   C13 C14 1.382(10) 
N1 C1 1.323(9)   C14 C15 1.400(10) 
N1 C5 1.358(9)   C15 C16 1.378(10) 
N2 C7 1.351(9)   C16 C17 1.393(10) 
N2 C11 1.329(9)   C19 C20 1.536(9) 
N3 C6 1.478(9)   C19 C25 1.531(9) 
N3 C12 1.401(9)   C20 C21 1.382(9) 
N3 C18 1.335(8)   C21 C22 1.378(10) 
N4 C17 1.404(9)   C22 C23 1.394(11) 
N4 C18 1.323(9)   C23 C24 1.391(10) 
N4 C19 1.468(8)   C25 C26 1.368(10) 
N5 C20 1.345(9)   C26 C27 1.419(11) 
N5 C24 1.333(9)   C27 C28 1.376(12) 
N6 C25 1.346(9)   C28 C29 1.387(11) 
N6 C29 1.336(9)   O1 C31 1.44(5) 
C1 C2 1.389(11)   O1 C32 1.49(5) 
C2 C3 1.367(12)   C30 C31 1.57(5) 
C3 C4 1.407(11)   C32 C33 1.51(5) 
C4 C5 1.382(10)   O2 C35 1.43(2) 
C5 C6 1.530(9)   O2 C36 1.40(2) 
C6 C7 1.510(9)   C34 C35 1.46(3) 
C7 C8 1.382(10)   C36 C37 1.46(2) 
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Table 5 Bond Angles for MN2-209. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 Ni1 Br1 93.80(15)   N2 C7 C6 117.8(6) 
N1 Ni1 N2 81.2(2)   N2 C7 C8 122.2(7) 
N1 Ni1 N5 170.7(2)   C8 C7 C6 119.9(6) 
N1 Ni1 N6 99.5(2)   C7 C8 C9 118.7(7) 
N2 Ni1 Br1 94.95(16)   C10 C9 C8 118.9(8) 
N5 Ni1 Br1 95.54(15)   C9 C10 C11 119.3(7) 
N5 Ni1 N2 98.3(2)   N2 C11 C10 122.8(7) 
N5 Ni1 N6 79.1(2)   C13 C12 N3 132.3(7) 
N6 Ni1 Br1 96.28(16)   C13 C12 C17 122.3(7) 
N6 Ni1 N2 168.7(2)   C17 C12 N3 105.4(6) 
C18 Ni1 Br1 178.7(2)   C14 C13 C12 116.2(7) 
C18 Ni1 N1 85.0(2)   C13 C14 C15 121.3(7) 
C18 Ni1 N2 84.4(3)   C16 C15 C14 123.1(7) 
C18 Ni1 N5 85.7(2)   C15 C16 C17 115.6(6) 
C18 Ni1 N6 84.4(2)   C12 C17 N4 105.5(6) 
C1 N1 Ni1 123.4(5)   C16 C17 N4 132.9(6) 
C1 N1 C5 117.7(6)   C16 C17 C12 121.5(6) 
C5 N1 Ni1 118.7(5)   N3 C18 Ni1 125.7(5) 
C7 N2 Ni1 117.8(5)   N4 C18 Ni1 126.4(5) 
C11 N2 Ni1 123.4(5)   N4 C18 N3 107.9(6) 
C11 N2 C7 118.1(6)   N4 C19 C20 111.9(5) 
C12 N3 C6 131.3(5)   N4 C19 C25 109.9(5) 
C18 N3 C6 118.1(6)   C25 C19 C20 107.2(5) 
C18 N3 C12 110.5(6)   N5 C20 C19 117.4(6) 
C17 N4 C19 131.2(6)   N5 C20 C21 123.3(6) 
C18 N4 C17 110.7(6)   C21 C20 C19 119.2(6) 
C18 N4 C19 118.1(6)   C22 C21 C20 118.7(7) 
C20 N5 Ni1 119.2(4)   C21 C22 C23 118.6(7) 
C24 N5 Ni1 122.8(5)   C24 C23 C22 119.0(6) 
C24 N5 C20 117.9(6)   N5 C24 C23 122.5(7) 
C25 N6 Ni1 119.3(5)   N6 C25 C19 116.6(6) 
C29 N6 Ni1 122.6(5)   N6 C25 C26 123.3(7) 
C29 N6 C25 117.9(6)   C26 C25 C19 120.0(7) 
N1 C1 C2 122.8(7)   C25 C26 C27 118.4(7) 
C3 C2 C1 119.9(7)   C28 C27 C26 118.2(7) 
C2 C3 C4 118.4(7)   C27 C28 C29 119.2(7) 
C5 C4 C3 118.0(7)   N6 C29 C28 122.9(7) 
N1 C5 C4 123.1(6)   C31 O1 C32 119(3) 
N1 C5 C6 117.5(6)   O1 C31 C30 109(3) 
C4 C5 C6 119.3(6)   O1 C32 C33 107(3) 
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N3 C6 C5 109.2(5)   C36 O2 C35 113.0(17) 
N3 C6 C7 108.6(5)   O2 C35 C34 109.9(17) 
C7 C6 C5 111.9(6)   O2 C36 C37 109.2(15) 
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Table 6 Torsion Angles for MN2-209. 
A B C D Angle/˚   A B C D Angle/˚ 
Br1 Ni1 N1 C1 -44.0(6)   C4 C5 C6 N3 -120.1(7) 
Br1 Ni1 N1 C5 141.9(5)   C4 C5 C6 C7 119.7(7) 
Br1 Ni1 N2 C7 -143.2(5)   C5 N1 C1 C2 -1.4(11) 
Br1 Ni1 N2 C11 46.4(6)   C5 C6 C7 N2 57.8(8) 
Br1 Ni1 N5 C20 143.0(5)   C5 C6 C7 C8 -123.4(8) 
Br1 Ni1 N5 C24 -33.0(5)   C6 N3 C12 C13 -1.4(12) 
Br1 Ni1 N6 C25 -146.1(5)   C6 N3 C12 C17 177.8(6) 
Br1 Ni1 N6 C29 37.8(5)   C6 N3 C18 Ni1 1.0(8) 
Br1 Ni1 C18 N3 19(9)   C6 N3 C18 N4 -177.5(5) 
Br1 Ni1 C18 N4 -163(8)   C6 C7 C8 C9 -177.3(8) 
Ni1 N1 C1 C2 -175.6(5)   C7 N2 C11 C10 -0.9(12) 
Ni1 N1 C5 C4 175.3(5)   C7 C8 C9 C10 -2.6(14) 
Ni1 N1 C5 C6 -4.0(8)   C8 C9 C10 C11 2.0(14) 
Ni1 N2 C7 C6 8.2(8)   C9 C10 C11 N2 -0.2(13) 
Ni1 N2 C7 C8 -170.7(6)   C11 N2 C7 C6 179.0(6) 
Ni1 N2 C11 C10 169.4(6)   C11 N2 C7 C8 0.2(11) 
Ni1 N5 C20 C19 -0.9(7)   C12 N3 C6 C5 123.2(7) 
Ni1 N5 C20 C21 -177.3(5)   C12 N3 C6 C7 -114.5(7) 
Ni1 N5 C24 C23 176.9(5)   C12 N3 C18 Ni1 177.6(4) 
Ni1 N6 C25 C19 7.4(7)   C12 N3 C18 N4 -0.8(7) 
Ni1 N6 C25 C26 -175.9(5)   C12 C13 C14 C15 2.0(10) 
Ni1 N6 C29 C28 176.7(5)   C13 C12 C17 N4 177.5(6) 
N1 Ni1 N2 C7 -50.1(5)   C13 C12 C17 C16 -1.2(10) 
N1 Ni1 N2 C11 139.5(6)   C13 C14 C15 C16 -1.9(10) 
N1 Ni1 N5 C20 -34.6(16)   C14 C15 C16 C17 0.1(10) 
N1 Ni1 N5 C24 149.4(12)   C15 C16 C17 N4 -176.9(7) 
N1 Ni1 N6 C25 119.0(5)   C15 C16 C17 C12 1.4(9) 
N1 Ni1 N6 C29 -57.2(5)   C17 N4 C18 Ni1 -178.8(5) 
N1 Ni1 C18 N3 40.4(6)   C17 N4 C18 N3 -0.4(7) 
N1 Ni1 C18 N4 -141.4(6)   C17 N4 C19 C20 121.7(7) 
N1 C1 C2 C3 0.7(12)   C17 N4 C19 C25 -119.3(7) 
N1 C5 C6 N3 59.3(7)   C17 C12 C13 C14 -0.5(10) 
N1 C5 C6 C7 -61.0(8)   C18 Ni1 N1 C1 136.5(6) 
N2 Ni1 N1 C1 -138.4(6)   C18 Ni1 N1 C5 -37.7(5) 
N2 Ni1 N1 C5 47.4(5)   C18 Ni1 N2 C7 35.6(5) 
N2 Ni1 N5 C20 -121.2(5)   C18 Ni1 N2 C11 -134.7(6) 
N2 Ni1 N5 C24 62.8(5)   C18 Ni1 N5 C20 -37.5(5) 
N2 Ni1 N6 C25 26.3(14)   C18 Ni1 N5 C24 146.5(6) 
N2 Ni1 N6 C29 -149.9(10)   C18 Ni1 N6 C25 35.0(5) 
N2 Ni1 C18 N3 -41.2(6)   C18 Ni1 N6 C29 -141.1(5) 
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N2 Ni1 C18 N4 136.9(6)   C18 N3 C6 C5 -60.9(7) 
N2 C7 C8 C9 1.5(13)   C18 N3 C6 C7 61.4(7) 
N3 C6 C7 N2 -62.9(8)   C18 N3 C12 C13 -177.5(7) 
N3 C6 C7 C8 116.0(7)   C18 N3 C12 C17 1.6(7) 
N3 C12 C13 C14 178.5(7)   C18 N4 C17 C12 1.4(7) 
N3 C12 C17 N4 -1.8(7)   C18 N4 C17 C16 179.9(7) 
N3 C12 C17 C16 179.5(6)   C18 N4 C19 C20 -59.4(8) 
N4 C19 C20 N5 55.5(8)   C18 N4 C19 C25 59.6(7) 
N4 C19 C20 C21 -128.0(6)   C19 N4 C17 C12 -179.7(6) 
N4 C19 C25 N6 -61.3(7)   C19 N4 C17 C16 -1.2(12) 
N4 C19 C25 C26 121.8(7)   C19 N4 C18 Ni1 2.1(8) 
N5 Ni1 N1 C1 133.6(13)   C19 N4 C18 N3 -179.4(5) 
N5 Ni1 N1 C5 -40.6(16)   C19 C20 C21 C22 -174.5(6) 
N5 Ni1 N2 C7 120.4(5)   C19 C25 C26 C27 176.6(6) 
N5 Ni1 N2 C11 -49.9(6)   C20 N5 C24 C23 0.8(10) 
N5 Ni1 N6 C25 -51.6(5)   C20 C19 C25 N6 60.5(7) 
N5 Ni1 N6 C29 132.2(5)   C20 C19 C25 C26 -116.4(7) 
N5 Ni1 C18 N3 -140.1(6)   C20 C21 C22 C23 -2.2(10) 
N5 Ni1 C18 N4 38.1(6)   C21 C22 C23 C24 2.0(10) 
N5 C20 C21 C22 1.8(10)   C22 C23 C24 N5 -1.3(11) 
N6 Ni1 N1 C1 53.0(6)   C24 N5 C20 C19 175.3(6) 
N6 Ni1 N1 C5 -121.1(5)   C24 N5 C20 C21 -1.1(10) 
N6 Ni1 N2 C7 44.4(13)   C25 N6 C29 C28 0.5(10) 
N6 Ni1 N2 C11 -125.9(11)   C25 C19 C20 N5 -65.1(7) 
N6 Ni1 N5 C20 47.6(5)   C25 C19 C20 C21 111.4(7) 
N6 Ni1 N5 C24 -128.4(5)   C25 C26 C27 C28 -1.2(10) 
N6 Ni1 C18 N3 140.5(6)   C26 C27 C28 C29 2.1(11) 
N6 Ni1 C18 N4 -41.3(6)   C27 C28 C29 N6 -1.8(11) 
N6 C25 C26 C27 -0.1(10)   C29 N6 C25 C19 -176.3(6) 
C1 N1 C5 C4 0.8(10)   C29 N6 C25 C26 0.5(10) 
C1 N1 C5 C6 -178.5(6)   C31 O1 C32 C33 -163(3) 
C1 C2 C3 C4 0.8(11)   C32 O1 C31 C30 -68(4) 
C2 C3 C4 C5 -1.3(11)   C35 O2 C36 C37 -178.5(14) 
C3 C4 C5 N1 0.6(11)   C36 O2 C35 C34 179.7(16) 
C3 C4 C5 C6 179.9(6)             
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for MN2-209.  
Atom x y z U(eq) 
H1 1715 2743 7367 26 
H2 92 3390 7245 29 
H3 -1095 3429 5797 33 
H4 -616 2772 4472 25 
H6 584 2034 3792 17 
H8 1542 2599 2733 33 
H9 3167 3056 2351 43 
H10 4678 3117 3543 39 
H11 4592 2658 5052 28 
H13 -215 780 2997 21 
H14 -596 -522 2551 21 
H15 230 -1539 3470 21 
H16 1540 -1327 4822 19 
H19 2942 -698 6146 15 
H21 4745 -961 6145 20 
H22 6525 -557 6232 26 
H23 6887 790 6180 25 
H24 5492 1677 6147 21 
H26 2533 -921 7651 25 
H27 2263 -462 9167 33 
H28 2414 879 9475 31 
H29 2702 1722 8280 25 
H30A 4936 5913 4063 71 
H30B 4417 5061 4023 71 
H30C 4257 5655 4847 71 
H31A 3246 6503 3598 67 
H31B 3277 5802 2864 67 
H32A 2634 4431 4156 53 
H32B 2279 4582 3035 53 
H33A 530 4932 3289 66 
H33B 892 4720 4390 66 
H33C 812 4050 3603 66 
H34A 4326 5986 3400 91 
H34B 4030 6096 4429 91 
H34C 3195 6352 3502 91 
H35A 3323 4953 3082 68 
H35B 3670 4857 4210 68 
H36A 2027 4166 4258 47 
H36B 1709 4257 3126 47 
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H37A 208 4998 3354 73 
H37B 500 4792 4461 73 
H37C 161 4114 3697 73 
 
 
Experimental  
Single crystals of C33H32Br2N6NiO [Ni(PY4bim)Br](Br) were grown by slow diffusion of diethyl 
ether into a concentrated methanolic solution of [Ni(PY4bim)Br](Br). A suitable crystal was 
selected and mounted on a MiteGen mylar tip using paratone oil on a Bruker APEX-II CCD 
diffractometer. The crystal was kept at 100 K during data collection. Using Olex2 [1], the 
structure was solved with the olex2.solve [2] structure solution program using Charge Flipping 
and refined with the XL [3] refinement package using Least Squares minimisation. 
1. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. Puschmann, 
OLEX2: a complete structure solution, refinement and analysis program. J. Appl. Cryst. 
(2009). 42, 339-341. 
2. olex2.solve (L.J. Bourhis, O.V. Dolomanov, R.J. Gildea, J.A.K. Howard, H. Puschmann, 
in preparation, 2011) 
3. XL, G.M. Sheldrick, Acta Cryst. (2008). A64, 112-122 
Crystal structure determination of [Ni(PY4bim)Br](Br)   
Crystal Data for C33H32Br2N6NiO (M =747.18): monoclinic, space group P21/n (no. 14), a = 
12.7068(6) Å, b = 17.1698(10) Å, c = 14.3284(7) Å, β = 100.692(3)°, V = 3071.8(3) Å3, Z = 4, 
T = 100 K, μ(CuKα) = 4.257 mm-1, Dcalc = 1.616 g/mm3, 18057 reflections measured (8.12 ≤ 2Θ 
≤ 140.2), 5713 unique (Rint = 0.0657) which were used in all calculations. The final R1 was 0.0697 
(>2sigma(I)) and wR2 was 0.1854 (all data).  
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APPENDIX C 
Heteroleptic Polypyridyl Ruthenium Chromophore/Redox Mediator Complexes for Solar 
Conversion 
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Figure S1.  UV/vis spectra of complex 1 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S2.  UV/vis spectra of complex 2 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S3.  UV/vis spectra of complex 3 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S4.  UV/vis spectra of complex 4 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S5.  UV/vis spectra of complex 5 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S6.  UV/vis spectra of complex 6 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S7.  UV/vis spectra of complex 7 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S8.  UV/vis spectra of complex 8 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S9.  UV/vis spectra of complex 9 and Ru(bpy)32+ for comparison in CH3CN at 
approximately 0.05 mM complex at 298 ± 3 K. 
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Figure S10.  UV/vis spectra of complexes 1 – 9 and Ru(bpy)32+ for comparison highlighting the 
MLCT transitions in CH3CN at approximately 0.05 mM complex at 298 ± 3 K.
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APPENDIX D 
Perylene Diimide as an Organic Dye and Semiconductor 
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Figure S1.  UV/vis absorption spectra of TiO2 thin film (black), TiO2 loaded with 4-aminobenzyl 
phosphonic acid (red), and 1-TiO2 (blue) taken by holding the thin-film area of the slide 
perpendicular to the spectrophotometer beam and open to the air at 298 ± 3 K. 
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Figure S2.  UV/vis absorption spectra of solubule derivatives of 1 – 4 taken in CH3Cl with 1.0 x 
10-5 M complex at 298 ± 3 K. 
 
 
Figure S3.  CVs of solubilized PDI dyes containing the same core perylene structures as 1 (red) 
and 2 (blue) in DCM with 0.1 M nBu4PF6 at a scan rate of 10 mV/s using a FTO slide loaded with 
a monolayer of [Ru(bpy)2(P2bpy)]2+ (bpy = 2,2′-bipyridine; P2bpy = 4,4′-diphosphonic acid-2,2′-
bipyridine), a Ag/AgNO3 reference (0.01 V vs NHE under experimental conditions), and Pt mesh 
counter electrodes.  Potentials were referenced to NHE using the reversible surface couple of 
[Ru(bpy)2(P2bpy)]2+ (1.28 V vs. NHE). 
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Figure S4.  Full TA spectra of 2-TiO2 at 20 ns (green) and 100 ns (pnk) showing the ground state 
bleach at 510 nm with a positive feature centered at ~720 nm taken in 0.1 M HClO4 under Argon 
with a 4.6 m excitation at 450 nm at 298 ± 3 K. 
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Figure S5.  Full TA spectra of 3-ZrO2 (A) at 20 ns (green) and 100 ns (pink) and 4-ZrO2 (B) at 
20 ns (green) and 100 ns (pink) in 0.1 M HClO4 under Argon with a 4.6 mJ excitation at 450 nm 
at 298 ± 3 K. 
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Figure S6.  Comparison of the full spectra of 1-TiO2 (A) and 3-TiO2 (B, green = 20 ns, pink = 
100 ns)) showing the additional bleach at 575 nm in 3-TiO2 due to loss of the FeII ground state 
absorption taken in Ar deaerated 0.1 M HClO4 with a 4.6 mJ, 450 nm excitation at 298 ± 3 K. 
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Figure S7.  Comparison of absorbance-time traces of 1-TiO2 (A), 3-TiO2 (B), and an overlay of 
the two (C) at 720 nm showing similar kinetics with and without Fe, taken in Ar deaerated 0.1 M 
HClO4 with a 4.6 mJ, 450 nm excitation at 298 ± 3 K. 
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Figure S8.  Comparison of the full spectra of 2-TiO2 (A, green = 20 ns, pink = 100 ns) and 4-
TiO2 (B, green = 20 ns, blue = 100 ns, pink = 1 µs) showing the additional bleach at 575 nm in 4-
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TiO2 due to loss of the FeII ground state absorption taken in Ar deaerated 0.1 M HClO4 with a 4.6 
mJ, 450 nm excitation at 298 ± 3 K. 
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Figure S9.  Comparison of absorbance-time traces of 2-TiO2 (A) and 4-TiO2 (B) at 720 nm 
showing similar kinetics with and without Fe, taken in Ar deaerated 0.1 M HClO4 with a 4.6 mJ, 
450 nm excitation at 298 ± 3 K. 
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APPENDIX E 
Synthesis of Phosphonic Acid-Derivatized Bipyridine Ligands and Their Ruthenium Complexes 
 
 
 
Figure S1.   1H NMR spectra in CD3Cl at 295 K for 4,4′-ditrifluoromethanesulfonate-2,2′-
bipyridine. 
 
 
Figure S2.  1H NMR spectrum in CD3OD at 295 K for [(Bz)Ru(bpy)(OTf)](OTf). 
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Figure S3.  1H NMR spectra in D2O at 295 K for RuCP (1, bottom), RuCP2 (2, middle) and 
RuCP3 (3, top) showing the aromatic region and methylene spacer (~3.05 ppm). 
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Figure S4.  A) Cyclic voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), B) square 
wave voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), C) cyclic voltammograms 
of RuCP (black), RuCP2 (red), and RuCP3 (blue), and D) square wave voltammograms of 
RuCP (black), RuCP2 (red), and RuCP3 (blue) with a glassy carbon working, Ag/AgCl 
reference (3 M NaCl, 0.207 V vs NHE) and Pt mesh counter in 0.1 M HClO4 with a 100 mV/s 
scan rate at 298 ± 3 K. 
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Figure S5.  A) Cyclic voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), B) square 
wave voltammograms of RuP (black), RuP2 (red), and RuP3 (blue), C) cyclic voltammograms 
of RuCP (black), RuCP2 (red), and RuCP3 (blue), and D) square wave voltammograms of 
RuCP (black), RuCP2 (red), and RuCP3 (blue) with a glassy carbon working, Ag/AgCl 
reference (3 M NaCl, 0.207 V vs NHE) and Pt mesh counter in 0.1 M phosphate buffer (pH = 
7.49) with a 100 mV/s scan rate at 298 ± 3 K. 
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APPENDIX F 
Redox Mediator Effect on Water Oxidation in a Ruthenium-Based Chromophore-Catalyst 
Assembly 
 
 
 
 
Figure S1.  1H NMR of N-(2-pyridyl)-N′-(4-bipyridyl-4′-methyl)benzimidazolium bromide in 
CD3OD at 298 K. Methylene spacer shows as a singlet at 6.18 ppm. 
 
 
 
 
 
Figure S2.  1H NMR of [(bpy)2Ru(Mebpy-4-bimpy)](PF6)3 in CD3CN at 298 K.  Methylene 
spacer shows as a singlet at 5.96 ppm. 
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Figure S3.  Evolution of the 8 colored species present after 30 eq of CAN were mixed with 6.5 x 
10-5 M 1 in 0.1 M HNO3 over time and derived UV/vis spectra of each species (inset). 
 
Figure S4.  Loss of [RuaIII-RubIII-OH2]6+ after 30 eq of CAN were mixed with 6.5 x 10-5 M 1 in 
0.1 M HNO3 over time.  This species decays by pseudo-zero-order kinetics over a period of 400 s. 
 238 
 
Figure S5.  First 150 s after 30 eq of CAN were mixed with 6.5 x 10-5 M 1 in 0.1 M HNO3 
showing the appearance of the Near-IR band at >900 nm and its pseudo-zero-order decay over 
that time-span (inset). 
 
 
Figure S6.  After complete consumption of 30 eq of CAN mixed with 6.5 x 10-5 M 1 in 0.1 M 
HNO3, a final oxidized intermediate remains that returns the catalyst to [RuaII-RubII-OH2]4+ (85 - 
95%) with k = 0.012 s-1.  This is concurrent with loss of O2. 
First 150 seconds 
showing loss of 
RuIII(L)RuIII-OH25+ 
and initial growth of 
the Near IR 
absorber (2x 
increase) followed 
by zero-oder decay 
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Table 1 Crystal data and structure refinement for MN2-274  
Identification code  MN2-274  
Empirical formula  C65H55F24N15P4Ru2  
Formula weight  1828.26  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  13.7041(3)  
b/Å  24.2162(5)  
c/Å  21.1778(4)  
α/°  90.00  
β/°  99.3520(10)  
γ/°  90.00  
Volume/Å3  6934.7(2)  
Z  4  
ρcalcmg/mm3  1.751  
m/mm-1  5.477  
F(000)  3656.0  
Crystal size/mm3  0.351 × 0.25 × 0.076  
2Θ range for data collection  5.58 to 140.3°  
 240 
Index ranges  -16 ≤ h ≤ 16, -29 ≤ k ≤ 29, -24 ≤ l ≤ 25  
Reflections collected  43822  
Independent reflections  12696[R(int) = 0.0448]  
Data/restraints/parameters  12696/0/995  
Goodness-of-fit on F2  1.039  
Final R indexes [I>=2σ (I)]  R1 = 0.0483, wR2 = 0.1290  
Final R indexes [all data]  R1 = 0.0566, wR2 = 0.1366  
Largest diff. peak/hole / e Å-3  1.91/-0.68  
 
 
  
Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 
Displacement Parameters (Å2×103) for MN2-274. Ueq is defined as 1/3 of of the trace 
of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Ru1 2549.1(2) 3288.37(11) 8370.15(13) 25.40(9) 
Ru2 6973.2(2) 1219.21(11) 7610.48(14) 25.69(9) 
N1 1748(2) 3968.7(13) 8552.7(15) 27.9(7) 
N2 1360(2) 2924.0(14) 8692.9(16) 30.5(7) 
N3 3409(3) 3438.0(15) 9255.4(16) 35.1(8) 
N4 3726(2) 3717.7(13) 8114.7(17) 30.7(7) 
N5 3199(2) 2562.0(13) 8138.8(15) 26.2(6) 
N6 1848(2) 3167.6(13) 7446.6(15) 26.3(6) 
N7 4990(2) 739.6(13) 7905.0(16) 29.5(7) 
N8 6348(3) 420.6(14) 8467.9(16) 31.8(7) 
N9 7846(2) 683.1(14) 8244.7(16) 31.3(7) 
N10 6903(2) 765.7(13) 6771.5(15) 26.8(6) 
N11 6155(2) 1712.7(13) 6989.7(16) 27.4(7) 
N12 6766(2) 1881.6(13) 8200.6(16) 29.0(7) 
N13 8176(3) 1663.5(14) 7371.3(17) 33.1(8) 
C1 2024(3) 4497.6(16) 8489.5(19) 32.8(8) 
C2 1461(4) 4935.6(17) 8638(2) 38.3(10) 
C3 583(4) 4833.8(19) 8847(2) 42.2(10) 
C4 286(3) 4296.8(19) 8914(2) 38.7(10) 
C5 886(3) 3867.0(17) 8773.8(19) 31.8(8) 
C6 671(3) 3277.8(17) 8852(2) 32.1(9) 
C7 -164(3) 3087(2) 9071(2) 39.9(10) 
C8 -308(3) 2528(2) 9132(2) 43.8(11) 
C9 383(4) 2165(2) 8957(2) 45.3(11) 
C10 1199(3) 2375.9(18) 8741(2) 39.7(10) 
C11 3187(4) 3303(2) 9828(2) 47.9(12) 
 241 
C12 3752(5) 3487(3) 10398(3) 61.8(16) 
C13 4565(5) 3815(3) 10379(3) 68.7(17) 
C14 4807(4) 3947(3) 9800(3) 58.2(14) 
C15 4220(3) 3760.6(18) 9246(2) 39(1) 
C16 4420(3) 3900.4(17) 8607(2) 36.7(9) 
C17 5243(3) 4197(2) 8485(3) 48.9(12) 
C18 5358(4) 4307(2) 7869(3) 52.1(13) 
C19 4670(4) 4121.4(18) 7376(3) 43.2(10) 
C20 3856(3) 3831.1(16) 7515(2) 33.6(9) 
C21 1123(3) 3488.1(16) 7125(2) 29.4(8) 
C22 704(3) 3385.3(16) 6498(2) 31.6(8) 
C23 1039(3) 2948.8(17) 6166.5(19) 32.0(8) 
C24 1785(3) 2617.0(16) 6497.1(19) 29.9(8) 
C25 2168(3) 2728.5(15) 7129.3(19) 27.5(8) 
C26 600(4) 2838(2) 5482(2) 45.1(11) 
C27 2920(3) 2388.9(16) 7521.1(19) 27.7(8) 
C28 3299(3) 1909.9(16) 7299.0(19) 28.8(8) 
C29 3959(3) 1588.1(16) 7714.3(19) 28.2(8) 
C30 4221(3) 1758.2(16) 8339(2) 29.6(8) 
C31 3841(3) 2247.8(16) 8530.4(19) 29.9(8) 
C32 4298(3) 1049.6(16) 7448(2) 30.1(8) 
C33 4707(3) 358.8(16) 8345(2) 34.4(9) 
C34 3776(4) 189.4(18) 8434(2) 43.5(11) 
C35 3742(4) -192(2) 8924(3) 50.4(12) 
C36 4590(4) -382.1(19) 9301(2) 49.1(12) 
C37 5517(4) -217.2(18) 9202(2) 43.5(11) 
C38 5568(3) 159.6(16) 8709(2) 34.6(9) 
C39 5970(3) 780.5(15) 7969.8(18) 28.4(8) 
C40 7373(3) 348.3(16) 8599.9(19) 31.9(8) 
C41 7851(4) -35(2) 9025(2) 44.4(11) 
C42 8860(4) -79(2) 9081(2) 45.9(11) 
C43 9360(3) 247(2) 8712(2) 41.2(10) 
C44 8835(3) 626.5(18) 8299(2) 36.2(9) 
C45 7295(3) 265.5(17) 6691(2) 33.4(9) 
C46 7234(3) 20.9(18) 6098(2) 36.9(9) 
C47 6761(3) 292.7(18) 5563(2) 38.3(9) 
C48 6326(3) 801.8(17) 5638(2) 33.5(9) 
C49 6405(3) 1028.5(16) 6242.1(19) 28.3(8) 
C50 5968(3) 1566.2(16) 6369.7(19) 30.8(8) 
C51 5415(3) 1906.2(19) 5931(2) 40.8(10) 
C52 5082(4) 2405.6(19) 6129(2) 45.4(11) 
C53 5338(3) 2571.0(17) 6762(2) 38.0(9) 
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C54 5895(3) 2211.2(16) 7193(2) 30.5(8) 
C55 6237(3) 2305.8(16) 7881.0(19) 29.0(8) 
C56 6050(3) 2783.2(17) 8198(2) 34.8(9) 
C57 6379(3) 2834.8(18) 8839(2) 38.2(9) 
C58 6907(3) 2403.2(19) 9166(2) 37.7(9) 
C59 7087(3) 1936.5(17) 8825(2) 33.4(9) 
C60 8728(3) 1942.0(18) 7236.2(19) 33.0(9) 
C61 9494(4) 2332(2) 7083(3) 49.1(12) 
P1 3504.4(9) 3838.3(4) 5429.4(6) 37.0(2) 
F1 4066(3) 3838.2(17) 4834(2) 85.1(12) 
F2 3720(2) 4475.0(11) 5554.1(18) 63.0(9) 
F3 2920(2) 3817.2(14) 6013.8(16) 63.9(9) 
F4 3286(3) 3195.2(12) 5307.7(18) 68(1) 
F5 2492(2) 3990.3(12) 4972.5(15) 58.3(8) 
F6 4498(2) 3684.0(12) 5902.3(17) 60.1(8) 
P2 8199.7(10) 3862.6(6) 7412.6(6) 49.5(3) 
F7 8453(2) 3821.1(16) 6702.0(16) 65.7(9) 
F8 8809(3) 4432.2(15) 7519.7(19) 82.4(11) 
F9 7947(3) 3906.1(14) 8120.0(15) 62.5(8) 
F10 7614(3) 3303.1(17) 7307.9(17) 75.9(11) 
F11 7247(3) 4217(2) 7158.6(19) 90.5(13) 
F12 9189(2) 3544.8(15) 7672.4(16) 62.7(8) 
P3 2873.8(8) 1240.9(4) 5224.6(5) 33.6(2) 
F13 3399(2) 1818.9(11) 5136.5(14) 46.3(6) 
F14 3247(2) 1270.1(11) 5977.0(13) 51.3(7) 
F15 2341(2) 667.3(11) 5296.8(15) 49.8(7) 
F16 2539(3) 1207.8(12) 4465.8(14) 60.7(8) 
F17 1890(2) 1567.4(11) 5291.2(15) 50.6(7) 
F18 3872(2) 920.5(11) 5147.4(14) 48.3(6) 
P4 1009.1(9) 853.1(5) 7259.8(7) 48.3(3) 
F19 1122(3) 1351.9(14) 6783.8(17) 65.1(9) 
F20 677(3) 1276.1(13) 7760.2(16) 75.1(11) 
F21 917(2) 363.8(13) 7754.7(17) 62.6(8) 
F22 1307(5) 431.5(18) 6762(3) 145(3) 
F23 -102(3) 778.5(18) 6948.7(16) 78.1(11) 
F24 2106(3) 938(3) 7589(3) 164(3) 
N14 7591(5) 2497(3) 5882(3) 95(2) 
C62 7185(5) 2913(3) 5835(3) 70.2(16) 
C63 6662(5) 3439(3) 5778(4) 76.0(18) 
N15 3451(6) 1343(3) 9704(3) 104(2) 
C64 2767(5) 1097(3) 9519(3) 65.7(16) 
C65 1885(5) 781(3) 9278(3) 74.5(18) 
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Table 3 Anisotropic Displacement Parameters (Å2×103) for MN2-274. The 
Anisotropic displacement factor exponent takes the form: -
2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
Ru1 24.99(15) 19.68(15) 32.42(17) 0.0(1) 7.30(11) 2.21(11) 
Ru2 23.50(15) 19.89(15) 33.08(17) -0.21(10) 2.80(11) 3.57(11) 
N1 29.3(16) 24.0(16) 30.5(16) -1.9(12) 5.3(12) 2.8(14) 
N2 28.4(16) 27.2(16) 37.6(18) 3.1(13) 10.4(13) 3.6(14) 
N3 35.7(18) 35.2(18) 32.8(18) -2.1(14) 0.4(14) 13.7(16) 
N4 24.5(16) 21.1(15) 46(2) -3.0(13) 5.9(13) 2.3(13) 
N5 25.4(15) 21.3(15) 33.0(16) -0.8(12) 8.1(12) 0.1(13) 
N6 21.3(14) 22.4(15) 35.9(17) 0.3(13) 6.7(12) -1.2(13) 
N7 29.4(16) 19.8(15) 40.7(18) -1.4(13) 10.1(13) 2.2(14) 
N8 37.2(18) 23.4(16) 35.2(18) 1.4(13) 7.3(13) 7.9(15) 
N9 30.2(17) 26.8(16) 35.6(18) -3.5(13) 1.2(13) 5.5(14) 
N10 25.9(15) 20.5(15) 34.3(17) -1.0(12) 6.1(12) 1.9(13) 
N11 23.9(15) 20.3(15) 37.5(18) 1.4(12) 3.9(12) -0.3(13) 
N12 25.1(15) 24.5(16) 37.5(18) -3.2(13) 5.3(12) -0.9(14) 
N13 27.9(17) 27.1(17) 43(2) -0.6(14) 2.2(14) 3.5(15) 
C1 41(2) 23.6(19) 34(2) -0.5(15) 4.6(16) 3.1(18) 
C2 53(3) 25(2) 34(2) -2.8(16) 2.1(18) 6(2) 
C3 48(3) 32(2) 46(3) -6.0(18) 5.7(19) 18(2) 
C4 36(2) 39(2) 43(2) -3.6(18) 12.4(17) 10(2) 
C5 35(2) 31(2) 30(2) 0.4(16) 5.9(15) 4.6(18) 
C6 31(2) 31(2) 35(2) 0.4(16) 7.2(16) 4.2(17) 
C7 34(2) 44(3) 44(2) 0.8(19) 15.1(18) 3(2) 
C8 37(2) 48(3) 50(3) 4(2) 16.7(19) -8(2) 
C9 49(3) 34(2) 57(3) 7(2) 20(2) -5(2) 
C10 40(2) 29(2) 54(3) 3.3(18) 18.7(19) 1.5(19) 
C11 52(3) 56(3) 36(2) 4(2) 7(2) 22(2) 
C12 80(4) 67(4) 38(3) -2(2) 9(2) 27(3) 
C13 63(4) 77(4) 58(4) -18(3) -13(3) 10(3) 
C14 52(3) 65(3) 53(3) -13(3) -5(2) 9(3) 
C15 29(2) 36(2) 49(3) -10.0(18) -3.4(17) 9.0(18) 
C16 33(2) 25.3(19) 51(3) -9.1(17) 3.4(18) 5.6(18) 
C17 28(2) 37(2) 79(4) -14(2) 1(2) -3(2) 
C18 37(2) 38(3) 85(4) -6(2) 19(2) -10(2) 
C19 42(2) 28(2) 64(3) 2(2) 21(2) -3(2) 
C20 35(2) 25.4(19) 42(2) -0.6(16) 10.9(17) -2.2(17) 
C21 20.8(17) 20.3(17) 47(2) 1.1(16) 6.2(15) 2.3(15) 
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C22 24.7(18) 26.1(19) 45(2) 8.6(16) 9.2(16) 2.2(16) 
C23 28.3(19) 31(2) 38(2) 5.7(16) 7.0(15) -0.8(17) 
C24 29.9(19) 26.3(19) 35(2) -1.3(15) 10.5(15) 1.5(16) 
C25 23.0(17) 20.8(17) 40(2) 3.5(15) 9.8(15) -0.1(15) 
C26 48(3) 48(3) 37(2) 0(2) 1.2(19) 17(2) 
C27 21.0(17) 25.2(19) 38(2) 1.9(15) 7.9(14) -2.8(15) 
C28 25.6(18) 24.7(18) 36(2) -5.7(15) 6.5(14) -1.3(16) 
C29 21.5(17) 24.0(18) 40(2) -1.1(16) 8.2(15) -0.9(15) 
C30 26.6(19) 22.6(18) 40(2) 1.8(15) 5.4(15) 2.2(16) 
C31 28.0(19) 27.4(19) 35(2) 0.5(15) 6.2(14) 0.7(16) 
C32 24.7(18) 23.6(18) 42(2) -2.0(16) 5.7(15) 1.7(16) 
C33 43(2) 20.2(18) 42(2) -3.8(16) 15.2(17) 2.7(18) 
C34 45(3) 27(2) 62(3) -3(2) 21(2) -4(2) 
C35 56(3) 30(2) 73(3) -4(2) 31(3) -8(2) 
C36 73(3) 28(2) 53(3) 2.6(19) 30(2) 0(2) 
C37 61(3) 26(2) 46(3) 2.3(18) 17(2) 8(2) 
C38 43(2) 20.4(18) 43(2) -1.5(16) 15.3(18) 5.3(18) 
C39 34(2) 16.9(17) 35(2) -2.0(14) 6.2(15) 4.6(16) 
C40 38(2) 23.4(18) 35(2) -1.6(15) 6.8(16) 5.5(17) 
C41 51(3) 39(2) 43(3) 10.5(19) 8(2) 12(2) 
C42 48(3) 42(3) 45(3) 8(2) 0(2) 17(2) 
C43 34(2) 43(2) 44(2) -5.6(19) -2.0(17) 14(2) 
C44 34(2) 36(2) 38(2) -3.4(17) 2.3(16) 6.4(18) 
C45 32(2) 28(2) 41(2) 1.0(16) 5.4(16) 3.3(17) 
C46 37(2) 28(2) 48(2) -5.0(17) 11.7(18) 5.6(18) 
C47 37(2) 35(2) 44(2) -7.8(18) 12.6(17) -2.0(19) 
C48 32(2) 31(2) 37(2) 2.4(16) 6.8(16) -4.2(18) 
C49 23.9(18) 25.7(19) 35(2) 1.0(15) 4.5(14) -4.2(16) 
C50 30(2) 23.8(18) 37(2) 1.2(16) 2.5(15) -0.1(17) 
C51 44(2) 34(2) 41(2) 0.5(18) -2.4(18) 7(2) 
C52 53(3) 30(2) 47(3) 3.1(19) -10(2) 10(2) 
C53 38(2) 24.0(19) 50(3) -0.2(17) -0.2(18) 8.2(18) 
C54 28.6(19) 20.2(18) 42(2) -1.8(15) 3.7(15) 1.1(16) 
C55 23.0(18) 21.8(18) 42(2) -1.7(15) 4.8(15) 0.8(15) 
C56 32(2) 23.2(19) 49(2) -2.5(17) 7.8(17) 1.4(17) 
C57 35(2) 30(2) 51(3) -11.1(18) 10.5(18) -0.6(18) 
C58 31(2) 39(2) 43(2) -7.0(18) 3.8(16) -2.8(19) 
C59 28.0(19) 30(2) 41(2) -1.8(17) 4.7(16) -1.9(17) 
C60 33(2) 32(2) 36(2) 9.1(16) 11.6(16) 13(2) 
C61 42(3) 37(2) 69(3) 10(2) 13(2) -9(2) 
P1 38.1(6) 24.2(5) 47.9(6) -0.3(4) 4.7(5) 4.3(4) 
F1 102(3) 86(3) 79(3) 11(2) 50(2) 28(2) 
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F2 56.3(18) 27.6(14) 100(2) -4.4(14) -1.0(16) -2.1(14) 
F3 58.6(19) 74(2) 63(2) 15.5(16) 19.2(15) 11.4(17) 
F4 71(2) 29.3(14) 92(2) -6.6(15) -22.2(18) 5.0(15) 
F5 62.6(19) 44.8(16) 60.1(18) -6.5(13) -11.7(14) 18.8(15) 
F6 46.4(16) 43.2(16) 83(2) -11.7(15) -11.5(15) 11.7(14) 
P2 46.4(7) 54.9(8) 50.0(7) 9.1(6) 15.8(5) 11.8(6) 
F7 54.4(18) 92(3) 53.8(18) 7.2(17) 18.1(14) 6.0(18) 
F8 113(3) 59(2) 82(3) 3.2(18) 36(2) -10(2) 
F9 73(2) 65(2) 53.0(18) 5.0(15) 22.8(15) 7.8(18) 
F10 73(2) 94(3) 62(2) -6.7(18) 14.3(17) -34(2) 
F11 84(3) 117(3) 73(2) 24(2) 19.9(19) 49(3) 
F12 50.1(17) 71(2) 64.4(19) -7.2(16) 1.9(14) 10.2(17) 
P3 34.3(5) 25.4(5) 40.7(6) -2.9(4) 5.3(4) 3.5(4) 
F13 46.2(15) 31.6(13) 61.1(17) 6.3(12) 8.7(12) 1.5(12) 
F14 78(2) 35.9(14) 40.1(15) -1.1(11) 9.0(13) 1.9(14) 
F15 42.3(14) 29.4(13) 77.9(19) -2.4(13) 10.6(13) -0.8(12) 
F16 88(2) 43.0(16) 45.9(17) -6.8(12) -4.4(15) 18.6(16) 
F17 41.6(15) 35.7(14) 77(2) -3.7(13) 17.9(13) 6.8(12) 
F18 42.5(14) 40.0(14) 63.8(17) 0.8(12) 12.9(12) 11.7(13) 
P4 38.1(6) 39.0(6) 71.0(8) 15.0(6) 18.3(6) 5.5(5) 
F19 65(2) 53.3(18) 79(2) 23.9(16) 17.6(17) 1.7(17) 
F20 121(3) 45.4(17) 56(2) -4.5(14) 4.1(19) -3(2) 
F21 66(2) 42.8(16) 83(2) 16.6(15) 25.3(17) -2.7(15) 
F22 234(7) 67(3) 178(5) 36(3) 163(5) 61(4) 
F23 70(2) 102(3) 58(2) 1.2(19) -2.9(16) -28(2) 
F24 36(2) 190(6) 255(7) 167(6) -12(3) -20(3) 
N14 97(5) 83(4) 106(5) -6(4) 20(4) 30(4) 
C62 70(4) 63(4) 79(4) -6(3) 15(3) 4(3) 
C63 66(4) 67(4) 93(5) -2(4) 6(3) 2(4) 
N15 113(6) 108(5) 83(4) 6(4) -7(4) -58(5) 
C64 71(4) 59(3) 63(4) 14(3) -1(3) -8(3) 
C65 77(4) 65(4) 76(4) 1(3) -3(3) -5(4) 
  
Table 4 Bond Lengths for MN2-274. 
Atom Atom Length/Å   Atom Atom Length/Å 
Ru1 N1 2.051(3)   C24 C25 1.383(6) 
Ru1 N2 2.065(3)   C25 C27 1.466(5) 
Ru1 N3 2.078(3)   C27 C28 1.384(5) 
Ru1 N4 2.064(3)   C28 C29 1.393(6) 
Ru1 N5 2.066(3)   C29 C30 1.377(6) 
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Ru1 N6 2.055(3)   C29 C32 1.523(5) 
Ru2 N9 2.097(3)   C30 C31 1.382(5) 
Ru2 N10 2.078(3)   C33 C34 1.381(6) 
Ru2 N11 1.983(3)   C33 C38 1.386(6) 
Ru2 N12 2.081(3)   C34 C35 1.395(7) 
Ru2 N13 2.098(4)   C35 C36 1.377(8) 
Ru2 C39 1.984(4)   C36 C37 1.379(7) 
N1 C1 1.348(5)   C37 C38 1.398(6) 
N1 C5 1.363(5)   C40 C41 1.383(6) 
N2 C6 1.357(5)   C41 C42 1.372(7) 
N2 C10 1.352(5)   C42 C43 1.371(7) 
N3 C11 1.337(6)   C43 C44 1.386(6) 
N3 C15 1.362(6)   C45 C46 1.378(6) 
N4 C16 1.366(5)   C46 C47 1.377(6) 
N4 C20 1.340(6)   C47 C48 1.390(6) 
N5 C27 1.368(5)   C48 C49 1.381(6) 
N5 C31 1.343(5)   C49 C50 1.477(6) 
N6 C21 1.354(5)   C50 C51 1.373(6) 
N6 C25 1.367(5)   C51 C52 1.381(6) 
N7 C32 1.450(5)   C52 C53 1.390(7) 
N7 C33 1.410(5)   C53 C54 1.394(6) 
N7 C39 1.332(5)   C54 C55 1.475(6) 
N8 C38 1.407(5)   C55 C56 1.381(5) 
N8 C39 1.401(5)   C56 C57 1.365(6) 
N8 C40 1.398(5)   C57 C58 1.390(6) 
N9 C40 1.343(5)   C58 C59 1.385(6) 
N9 C44 1.348(5)   C60 C61 1.486(6) 
N10 C45 1.347(5)   P1 F1 1.581(4) 
N10 C49 1.371(5)   P1 F2 1.584(3) 
N11 C50 1.344(5)   P1 F3 1.581(3) 
N11 C54 1.349(5)   P1 F4 1.599(3) 
N12 C55 1.371(5)   P1 F5 1.600(3) 
N12 C59 1.330(5)   P1 F6 1.598(3) 
N13 C60 1.086(5)   P2 F7 1.602(3) 
C1 C2 1.378(6)   P2 F8 1.609(4) 
C2 C3 1.371(7)   P2 F9 1.595(3) 
C3 C4 1.376(7)   P2 F10 1.572(4) 
C4 C5 1.387(6)   P2 F11 1.582(4) 
C5 C6 1.472(6)   P2 F12 1.578(3) 
C6 C7 1.382(6)   P3 F13 1.599(3) 
C7 C8 1.376(7)   P3 F14 1.594(3) 
C8 C9 1.388(7)   P3 F15 1.588(3) 
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C9 C10 1.373(6)   P3 F16 1.600(3) 
C11 C12 1.398(8)   P3 F17 1.588(3) 
C12 C13 1.375(9)   P3 F18 1.603(3) 
C13 C14 1.358(9)   P4 F19 1.597(3) 
C14 C15 1.387(7)   P4 F20 1.592(4) 
C15 C16 1.462(7)   P4 F21 1.600(3) 
C16 C17 1.396(7)   P4 F22 1.569(5) 
C17 C18 1.366(8)   P4 F23 1.568(4) 
C18 C19 1.364(7)   P4 F24 1.564(4) 
C19 C20 1.389(6)   N14 C62 1.148(9) 
C21 C22 1.382(6)   C62 C63 1.456(9) 
C22 C23 1.387(6)   N15 C64 1.128(9) 
C23 C24 1.395(6)   C64 C65 1.450(9) 
C23 C26 1.501(6)         
  
Table 5 Bond Angles for MN2-274. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 Ru1 N2 78.79(13)   C30 C29 C32 124.4(4) 
N1 Ru1 N3 86.11(13)   C29 C30 C31 119.1(4) 
N1 Ru1 N4 96.29(13)   N5 C31 C30 123.1(4) 
N1 Ru1 N5 173.25(13)   N7 C32 C29 113.7(3) 
N1 Ru1 N6 96.43(13)   C34 C33 N7 130.1(4) 
N2 Ru1 N3 97.94(14)   C34 C33 C38 122.8(4) 
N2 Ru1 N5 96.23(13)   C38 C33 N7 107.1(4) 
N4 Ru1 N2 174.03(13)   C33 C34 C35 116.2(5) 
N4 Ru1 N3 78.22(15)   C36 C35 C34 121.7(5) 
N4 Ru1 N5 88.94(12)   C35 C36 C37 121.8(4) 
N5 Ru1 N3 99.17(13)   C36 C37 C38 117.5(5) 
N6 Ru1 N2 88.98(13)   C33 C38 N8 105.7(3) 
N6 Ru1 N3 172.98(13)   C33 C38 C37 120.1(4) 
N6 Ru1 N4 94.97(13)   C37 C38 N8 134.2(4) 
N6 Ru1 N5 78.82(12)   N7 C39 Ru2 138.6(3) 
N9 Ru2 N13 94.78(13)   N7 C39 N8 105.9(3) 
N10 Ru2 N9 99.38(12)   N8 C39 Ru2 115.3(3) 
N10 Ru2 N12 158.28(13)   N9 C40 N8 111.9(3) 
N10 Ru2 N13 89.64(13)   N9 C40 C41 123.3(4) 
N11 Ru2 N9 178.34(13)   C41 C40 N8 124.7(4) 
N11 Ru2 N10 78.98(13)   C42 C41 C40 118.2(5) 
N11 Ru2 N12 79.40(13)   C43 C42 C41 119.8(4) 
N11 Ru2 N13 84.98(13)   C42 C43 C44 119.1(4) 
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N11 Ru2 C39 103.00(14)   N9 C44 C43 122.2(4) 
N12 Ru2 N9 102.23(13)   N10 C45 C46 122.4(4) 
N12 Ru2 N13 86.50(13)   C47 C46 C45 119.6(4) 
C39 Ru2 N9 77.38(15)   C46 C47 C48 118.9(4) 
C39 Ru2 N10 96.09(14)   C49 C48 C47 119.2(4) 
C39 Ru2 N12 90.68(14)   N10 C49 C48 121.8(4) 
C39 Ru2 N13 170.92(15)   N10 C49 C50 115.0(3) 
C1 N1 Ru1 125.3(3)   C48 C49 C50 123.2(4) 
C1 N1 C5 118.6(4)   N11 C50 C49 113.1(3) 
C5 N1 Ru1 116.1(3)   N11 C50 C51 119.9(4) 
C6 N2 Ru1 115.5(3)   C51 C50 C49 126.9(4) 
C10 N2 Ru1 126.3(3)   C50 C51 C52 119.6(4) 
C10 N2 C6 118.2(3)   C51 C52 C53 120.0(4) 
C11 N3 Ru1 126.6(3)   C52 C53 C54 118.5(4) 
C11 N3 C15 117.4(4)   N11 C54 C53 119.7(4) 
C15 N3 Ru1 115.5(3)   N11 C54 C55 113.3(3) 
C16 N4 Ru1 116.1(3)   C53 C54 C55 126.9(4) 
C20 N4 Ru1 125.6(3)   N12 C55 C54 115.4(3) 
C20 N4 C16 118.3(4)   N12 C55 C56 120.8(4) 
C27 N5 Ru1 115.1(3)   C56 C55 C54 123.8(4) 
C31 N5 Ru1 126.9(3)   C57 C56 C55 120.1(4) 
C31 N5 C27 118.0(3)   C56 C57 C58 119.2(4) 
C21 N6 Ru1 126.0(3)   C59 C58 C57 118.4(4) 
C21 N6 C25 117.8(3)   N12 C59 C58 122.8(4) 
C25 N6 Ru1 116.2(3)   N13 C60 C61 177.3(5) 
C33 N7 C32 124.0(3)   F1 P1 F2 91.8(2) 
C39 N7 C32 124.8(3)   F1 P1 F3 177.7(2) 
C39 N7 C33 111.2(3)   F1 P1 F4 88.5(2) 
C39 N8 C38 110.1(3)   F1 P1 F5 90.2(2) 
C40 N8 C38 132.0(3)   F1 P1 F6 91.4(2) 
C40 N8 C39 117.7(3)   F2 P1 F4 179.7(2) 
C40 N9 Ru2 117.1(3)   F2 P1 F5 89.81(17) 
C40 N9 C44 117.5(4)   F2 P1 F6 90.37(17) 
C44 N9 Ru2 125.4(3)   F3 P1 F2 90.31(19) 
C45 N10 Ru2 128.3(3)   F3 P1 F4 89.4(2) 
C45 N10 C49 118.0(3)   F3 P1 F5 88.90(18) 
C49 N10 Ru2 113.7(2)   F3 P1 F6 89.45(19) 
C50 N11 Ru2 119.1(3)   F4 P1 F5 90.30(17) 
C50 N11 C54 121.9(3)   F6 P1 F4 89.51(16) 
C54 N11 Ru2 118.6(3)   F6 P1 F5 178.3(2) 
C55 N12 Ru2 113.2(3)   F7 P2 F8 90.0(2) 
C59 N12 Ru2 128.2(3)   F9 P2 F7 179.8(2) 
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C59 N12 C55 118.6(3)   F9 P2 F8 89.9(2) 
C60 N13 Ru2 172.0(3)   F10 P2 F7 89.8(2) 
N1 C1 C2 122.2(4)   F10 P2 F8 179.5(2) 
C3 C2 C1 119.3(4)   F10 P2 F9 90.3(2) 
C2 C3 C4 119.5(4)   F10 P2 F11 92.6(3) 
C3 C4 C5 119.5(4)   F10 P2 F12 91.1(2) 
N1 C5 C4 121.0(4)   F11 P2 F7 90.4(2) 
N1 C5 C6 114.4(4)   F11 P2 F8 87.9(3) 
C4 C5 C6 124.6(4)   F11 P2 F9 89.4(2) 
N2 C6 C5 115.1(4)   F12 P2 F7 89.53(18) 
N2 C6 C7 121.3(4)   F12 P2 F8 88.4(2) 
C7 C6 C5 123.6(4)   F12 P2 F9 90.59(19) 
C8 C7 C6 120.0(4)   F12 P2 F11 176.3(3) 
C7 C8 C9 118.9(4)   F13 P3 F16 89.30(17) 
C10 C9 C8 118.7(4)   F13 P3 F18 90.23(15) 
N2 C10 C9 122.8(4)   F14 P3 F13 90.03(16) 
N3 C11 C12 122.0(5)   F14 P3 F16 178.0(2) 
C13 C12 C11 119.8(5)   F14 P3 F18 89.04(17) 
C14 C13 C12 118.7(5)   F15 P3 F13 178.79(18) 
C13 C14 C15 119.7(6)   F15 P3 F14 91.17(16) 
N3 C15 C14 122.4(5)   F15 P3 F16 89.52(17) 
N3 C15 C16 115.0(4)   F15 P3 F17 90.96(15) 
C14 C15 C16 122.6(5)   F15 P3 F18 89.98(15) 
N4 C16 C15 114.8(4)   F16 P3 F18 89.04(17) 
N4 C16 C17 120.5(4)   F17 P3 F13 88.82(15) 
C17 C16 C15 124.6(4)   F17 P3 F14 91.60(17) 
C18 C17 C16 120.0(5)   F17 P3 F16 90.30(18) 
C19 C18 C17 119.5(5)   F17 P3 F18 178.85(17) 
C18 C19 C20 119.0(5)   F19 P4 F21 178.2(2) 
N4 C20 C19 122.6(4)   F20 P4 F19 90.05(19) 
N6 C21 C22 122.4(4)   F20 P4 F21 88.80(19) 
C21 C22 C23 120.2(4)   F22 P4 F19 90.3(2) 
C22 C23 C24 117.4(4)   F22 P4 F20 178.5(3) 
C22 C23 C26 120.7(4)   F22 P4 F21 90.9(2) 
C24 C23 C26 121.8(4)   F23 P4 F19 90.5(2) 
C25 C24 C23 120.3(4)   F23 P4 F20 89.5(2) 
N6 C25 C24 121.7(4)   F23 P4 F21 90.9(2) 
N6 C25 C27 114.2(3)   F23 P4 F22 89.1(3) 
C24 C25 C27 124.0(4)   F24 P4 F19 89.8(2) 
N5 C27 C25 115.5(3)   F24 P4 F20 88.6(4) 
N5 C27 C28 121.3(4)   F24 P4 F21 88.7(2) 
C28 C27 C25 123.1(4)   F24 P4 F22 92.8(4) 
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C27 C28 C29 119.7(4)   F24 P4 F23 178.1(4) 
C28 C29 C32 116.8(4)   N14 C62 C63 179.4(9) 
C30 C29 C28 118.8(4)   N15 C64 C65 179.8(9) 
  
Table 6 Torsion Angles for MN2-274. 
A B C D Angle/˚ 
Ru1 N1 C1 C2 -178.1(3) 
Ru1 N1 C5 C4 179.9(3) 
Ru1 N1 C5 C6 0.5(4) 
Ru1 N2 C6 C5 -0.5(5) 
Ru1 N2 C6 C7 179.6(3) 
Ru1 N2 C10 C9 -179.5(4) 
Ru1 N3 C11 C12 -171.2(4) 
Ru1 N3 C15 C14 172.8(4) 
Ru1 N3 C15 C16 -6.5(4) 
Ru1 N4 C16 C15 0.2(4) 
Ru1 N4 C16 C17 -179.8(3) 
Ru1 N4 C20 C19 -179.8(3) 
Ru1 N5 C27 C25 -3.1(4) 
Ru1 N5 C27 C28 179.8(3) 
Ru1 N5 C31 C30 178.2(3) 
Ru1 N6 C21 C22 178.5(3) 
Ru1 N6 C25 C24 -177.2(3) 
Ru1 N6 C25 C27 4.1(4) 
Ru2 N9 C40 N8 0.7(4) 
Ru2 N9 C40 C41 178.3(3) 
Ru2 N9 C44 C43 -177.3(3) 
Ru2 N10 C45 C46 -176.7(3) 
Ru2 N10 C49 C48 176.8(3) 
Ru2 N10 C49 C50 -3.2(4) 
Ru2 N11 C50 C49 1.2(4) 
Ru2 N11 C50 C51 -179.1(3) 
Ru2 N11 C54 C53 178.6(3) 
Ru2 N11 C54 C55 -2.6(4) 
Ru2 N12 C55 C54 1.5(4) 
Ru2 N12 C55 C56 -178.6(3) 
Ru2 N12 C59 C58 179.4(3) 
Ru2 N13 C60 C61 85(10) 
N1 Ru1 N2 C6 0.6(3) 
N1 Ru1 N2 C10 178.6(4) 
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N1 Ru1 N3 C11 79.9(4) 
N1 Ru1 N3 C15 -92.2(3) 
N1 Ru1 N4 C16 82.0(3) 
N1 Ru1 N4 C20 -97.7(3) 
N1 Ru1 N5 C27 49.6(11) 
N1 Ru1 N5 C31 -129.4(10) 
N1 Ru1 N6 C21 2.0(3) 
N1 Ru1 N6 C25 -179.6(3) 
N1 C1 C2 C3 -1.1(6) 
N1 C5 C6 N2 0.0(5) 
N1 C5 C6 C7 179.9(4) 
N2 Ru1 N1 C1 177.3(3) 
N2 Ru1 N1 C5 -0.6(3) 
N2 Ru1 N3 C11 1.8(4) 
N2 Ru1 N3 C15 -170.3(3) 
N2 Ru1 N4 C16 47.7(14) 
N2 Ru1 N4 C20 -131.9(12) 
N2 Ru1 N5 C27 91.7(3) 
N2 Ru1 N5 C31 -87.2(3) 
N2 Ru1 N6 C21 80.6(3) 
N2 Ru1 N6 C25 -101.0(3) 
N2 C6 C7 C8 0.1(7) 
N3 Ru1 N1 C1 78.4(3) 
N3 Ru1 N1 C5 -99.5(3) 
N3 Ru1 N2 C6 85.0(3) 
N3 Ru1 N2 C10 -97.0(4) 
N3 Ru1 N4 C16 -2.7(3) 
N3 Ru1 N4 C20 177.6(3) 
N3 Ru1 N5 C27 -169.2(3) 
N3 Ru1 N5 C31 11.9(3) 
N3 Ru1 N6 C21 -108.9(11) 
N3 Ru1 N6 C25 69.5(11) 
N3 C11 C12 C13 -0.3(8) 
N3 C15 C16 N4 4.2(5) 
N3 C15 C16 C17 -175.9(4) 
N4 Ru1 N1 C1 0.7(3) 
N4 Ru1 N1 C5 -177.2(3) 
N4 Ru1 N2 C6 35.3(14) 
N4 Ru1 N2 C10 -146.6(12) 
N4 Ru1 N3 C11 177.1(4) 
N4 Ru1 N3 C15 5.1(3) 
N4 Ru1 N5 C27 -91.3(3) 
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N4 Ru1 N5 C31 89.8(3) 
N4 Ru1 N6 C21 -95.0(3) 
N4 Ru1 N6 C25 83.5(3) 
N4 C16 C17 C18 0.1(7) 
N5 Ru1 N1 C1 -139.9(10) 
N5 Ru1 N1 C5 42.2(12) 
N5 Ru1 N2 C6 -174.8(3) 
N5 Ru1 N2 C10 3.2(4) 
N5 Ru1 N3 C11 -95.9(4) 
N5 Ru1 N3 C15 92.0(3) 
N5 Ru1 N4 C16 -102.3(3) 
N5 Ru1 N4 C20 78.0(3) 
N5 Ru1 N6 C21 177.1(3) 
N5 Ru1 N6 C25 -4.4(3) 
N5 C27 C28 C29 1.6(6) 
N6 Ru1 N1 C1 -95.0(3) 
N6 Ru1 N1 C5 87.1(3) 
N6 Ru1 N2 C6 -96.2(3) 
N6 Ru1 N2 C10 81.9(4) 
N6 Ru1 N3 C11 -168.6(9) 
N6 Ru1 N3 C15 19.3(12) 
N6 Ru1 N4 C16 179.0(3) 
N6 Ru1 N4 C20 -0.6(3) 
N6 Ru1 N5 C27 4.0(3) 
N6 Ru1 N5 C31 -175.0(3) 
N6 C21 C22 C23 -1.6(6) 
N6 C25 C27 N5 -0.7(5) 
N6 C25 C27 C28 176.4(3) 
N7 C33 C34 C35 -178.9(4) 
N7 C33 C38 N8 -1.0(4) 
N7 C33 C38 C37 178.1(4) 
N8 C40 C41 C42 176.6(4) 
N9 Ru2 N10 C45 1.7(4) 
N9 Ru2 N10 C49 -176.8(3) 
N9 Ru2 N11 C50 7(5) 
N9 Ru2 N11 C54 -166(4) 
N9 Ru2 N12 C55 177.5(3) 
N9 Ru2 N12 C59 -1.7(4) 
N9 Ru2 N13 C60 -151(3) 
N9 Ru2 C39 N7 -178.4(5) 
N9 Ru2 C39 N8 6.5(3) 
N9 C40 C41 C42 -0.7(7) 
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N10 Ru2 N9 C40 -98.3(3) 
N10 Ru2 N9 C44 77.9(3) 
N10 Ru2 N11 C50 -2.3(3) 
N10 Ru2 N11 C54 -175.3(3) 
N10 Ru2 N12 C55 3.2(5) 
N10 Ru2 N12 C59 -176.1(3) 
N10 Ru2 N13 C60 110(3) 
N10 Ru2 C39 N7 -80.1(4) 
N10 Ru2 C39 N8 104.8(3) 
N10 C45 C46 C47 0.2(7) 
N10 C49 C50 N11 1.4(5) 
N10 C49 C50 C51 -178.3(4) 
N11 Ru2 N9 C40 -107(5) 
N11 Ru2 N9 C44 69(5) 
N11 Ru2 N10 C45 -178.5(4) 
N11 Ru2 N10 C49 2.9(3) 
N11 Ru2 N12 C55 -2.2(3) 
N11 Ru2 N12 C59 178.6(4) 
N11 Ru2 N13 C60 31(3) 
N11 Ru2 C39 N7 -0.1(5) 
N11 Ru2 C39 N8 -175.1(3) 
N11 C50 C51 C52 2.1(7) 
N11 C54 C55 N12 0.6(5) 
N11 C54 C55 C56 -179.3(4) 
N12 Ru2 N9 C40 83.9(3) 
N12 Ru2 N9 C44 -100.0(3) 
N12 Ru2 N10 C45 176.1(3) 
N12 Ru2 N10 C49 -2.4(5) 
N12 Ru2 N11 C50 175.7(3) 
N12 Ru2 N11 C54 2.7(3) 
N12 Ru2 N13 C60 -49(3) 
N12 Ru2 C39 N7 79.2(4) 
N12 Ru2 C39 N8 -95.8(3) 
N12 C55 C56 C57 -1.0(6) 
N13 Ru2 N9 C40 171.3(3) 
N13 Ru2 N9 C44 -12.5(3) 
N13 Ru2 N10 C45 96.5(3) 
N13 Ru2 N10 C49 -82.0(3) 
N13 Ru2 N11 C50 88.4(3) 
N13 Ru2 N11 C54 -84.7(3) 
N13 Ru2 N12 C55 83.4(3) 
N13 Ru2 N12 C59 -95.9(3) 
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N13 Ru2 C39 N7 151.0(7) 
N13 Ru2 C39 N8 -24.1(10) 
C1 N1 C5 C4 1.9(6) 
C1 N1 C5 C6 -177.5(3) 
C1 C2 C3 C4 1.0(7) 
C2 C3 C4 C5 0.6(7) 
C3 C4 C5 N1 -2.0(6) 
C3 C4 C5 C6 177.3(4) 
C4 C5 C6 N2 -179.4(4) 
C4 C5 C6 C7 0.5(7) 
C5 N1 C1 C2 -0.3(6) 
C5 C6 C7 C8 -179.8(4) 
C6 N2 C10 C9 -1.5(7) 
C6 C7 C8 C9 -1.5(7) 
C7 C8 C9 C10 1.4(7) 
C8 C9 C10 N2 0.1(8) 
C10 N2 C6 C5 -178.7(4) 
C10 N2 C6 C7 1.4(6) 
C11 N3 C15 C14 0.0(6) 
C11 N3 C15 C16 -179.3(4) 
C11 C12 C13 C14 -0.8(9) 
C12 C13 C14 C15 1.5(9) 
C13 C14 C15 N3 -1.1(8) 
C13 C14 C15 C16 178.2(5) 
C14 C15 C16 N4 -175.2(4) 
C14 C15 C16 C17 4.8(7) 
C15 N3 C11 C12 0.7(7) 
C15 C16 C17 C18 -179.8(4) 
C16 N4 C20 C19 0.6(6) 
C16 C17 C18 C19 -0.6(7) 
C17 C18 C19 C20 1.0(7) 
C18 C19 C20 N4 -1.1(7) 
C20 N4 C16 C15 179.8(4) 
C20 N4 C16 C17 -0.1(6) 
C21 N6 C25 C24 1.3(5) 
C21 N6 C25 C27 -177.3(3) 
C21 C22 C23 C24 1.7(6) 
C21 C22 C23 C26 -179.2(4) 
C22 C23 C24 C25 -0.4(6) 
C23 C24 C25 N6 -1.2(6) 
C23 C24 C25 C27 177.3(4) 
C24 C25 C27 N5 -179.3(3) 
 255 
C24 C25 C27 C28 -2.2(6) 
C25 N6 C21 C22 0.1(5) 
C25 C27 C28 C29 -175.3(3) 
C26 C23 C24 C25 -179.5(4) 
C27 N5 C31 C30 -0.7(6) 
C27 C28 C29 C30 -0.2(6) 
C27 C28 C29 C32 176.5(3) 
C28 C29 C30 C31 -1.5(6) 
C28 C29 C32 N7 179.4(3) 
C29 C30 C31 N5 2.1(6) 
C30 C29 C32 N7 -4.1(5) 
C31 N5 C27 C25 176.0(3) 
C31 N5 C27 C28 -1.1(5) 
C32 N7 C33 C34 1.6(7) 
C32 N7 C33 C38 -178.4(3) 
C32 N7 C39 Ru2 3.6(6) 
C32 N7 C39 N8 178.9(3) 
C32 C29 C30 C31 -178.0(4) 
C33 N7 C32 C29 86.7(4) 
C33 N7 C39 Ru2 -175.7(3) 
C33 N7 C39 N8 -0.4(4) 
C33 C34 C35 C36 0.7(7) 
C34 C33 C38 N8 179.0(4) 
C34 C33 C38 C37 -1.9(6) 
C34 C35 C36 C37 -1.7(8) 
C35 C36 C37 C38 0.9(7) 
C36 C37 C38 N8 179.7(4) 
C36 C37 C38 C33 0.9(6) 
C38 N8 C39 Ru2 176.3(3) 
C38 N8 C39 N7 -0.3(4) 
C38 N8 C40 N9 178.7(4) 
C38 N8 C40 C41 1.1(7) 
C38 C33 C34 C35 1.1(7) 
C39 Ru2 N9 C40 -4.1(3) 
C39 Ru2 N9 C44 172.1(4) 
C39 Ru2 N10 C45 -76.4(4) 
C39 Ru2 N10 C49 105.0(3) 
C39 Ru2 N11 C50 -96.0(3) 
C39 Ru2 N11 C54 90.9(3) 
C39 Ru2 N12 C55 -105.3(3) 
C39 Ru2 N12 C59 75.5(3) 
C39 Ru2 N13 C60 -121(3) 
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C39 N7 C32 C29 -92.5(4) 
C39 N7 C33 C34 -179.1(4) 
C39 N7 C33 C38 0.9(4) 
C39 N8 C38 C33 0.8(4) 
C39 N8 C38 C37 -178.1(4) 
C39 N8 C40 N9 5.1(5) 
C39 N8 C40 C41 -172.5(4) 
C40 N8 C38 C33 -173.2(4) 
C40 N8 C38 C37 7.9(8) 
C40 N8 C39 Ru2 -8.7(4) 
C40 N8 C39 N7 174.7(3) 
C40 N9 C44 C43 -1.2(6) 
C40 C41 C42 C43 -1.0(7) 
C41 C42 C43 C44 1.6(7) 
C42 C43 C44 N9 -0.5(7) 
C44 N9 C40 N8 -175.8(3) 
C44 N9 C40 C41 1.8(6) 
C45 N10 C49 C48 -2.0(6) 
C45 N10 C49 C50 178.1(3) 
C45 C46 C47 C48 -2.1(7) 
C46 C47 C48 C49 1.9(6) 
C47 C48 C49 N10 0.1(6) 
C47 C48 C49 C50 -180.0(4) 
C48 C49 C50 N11 -178.5(4) 
C48 C49 C50 C51 1.8(7) 
C49 N10 C45 C46 1.8(6) 
C49 C50 C51 C52 -178.3(4) 
C50 N11 C54 C53 5.8(6) 
C50 N11 C54 C55 -175.5(3) 
C50 C51 C52 C53 2.5(8) 
C51 C52 C53 C54 -3.0(7) 
C52 C53 C54 N11 -1.0(7) 
C52 C53 C54 C55 -179.6(4) 
C53 C54 C55 N12 179.3(4) 
C53 C54 C55 C56 -0.7(7) 
C54 N11 C50 C49 174.0(3) 
C54 N11 C50 C51 -6.3(6) 
C54 C55 C56 C57 178.9(4) 
C55 N12 C59 C58 0.2(6) 
C55 C56 C57 C58 0.3(6) 
C56 C57 C58 C59 0.7(6) 
C57 C58 C59 N12 -1.0(6) 
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C59 N12 C55 C54 -179.2(3) 
C59 N12 C55 C56 0.8(6) 
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Table 7 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 
Parameters (Å2×103) for MN2-274.  
Atom x y z U(eq) 
H1 2626 4571 8337 39 
H2 1680 5304 8596 46 
H3 181 5132 8945 51 
H4 -324 4221 9054 46 
H7 -638 3341 9180 48 
H8 -872 2394 9292 53 
H9 294 1777 8986 54 
H10 1671 2126 8621 48 
H11 2629 3074 9847 58 
H12 3574 3386 10798 74 
H13 4951 3947 10763 82 
H14 5374 4166 9776 70 
H17 5722 4322 8831 59 
H18 5915 4511 7784 62 
H19 4746 4190 6945 52 
H20 3373 3708 7170 40 
H21 893 3795 7339 35 
H22 185 3614 6292 38 
H24 2030 2313 6287 36 
H26A 915 3077 5201 68 
H26B -112 2913 5418 68 
H26C 711 2450 5379 68 
H28 3110 1801 6865 35 
H30 4657 1542 8635 36 
H31 4044 2368 8959 36 
H32A 3711 816 7303 36 
H32B 4612 1134 7070 36 
H34 3193 325 8176 52 
H35 3118 -323 9000 61 
H36 4534 -634 9637 59 
H37 6098 -354 9460 52 
H41 7491 -262 9272 53 
H42 9210 -335 9375 55 
H43 10056 213 8739 49 
H44 9184 854 8046 43 
H45 7625 74 7055 40 
H46 7517 -333 6058 44 
H47 6732 135 5150 46 
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H48 5978 991 5277 40 
H51 5262 1799 5495 49 
H52 4677 2636 5832 55 
H53 5140 2921 6899 46 
H56 5691 3076 7969 42 
H57 6250 3162 9059 46 
H58 7138 2428 9613 45 
H59 7456 1643 9046 40 
H61A 9190 2596 6759 74 
H61B 10014 2126 6919 74 
H61C 9781 2532 7471 74 
H3A 6129 3428 5409 114 
H3B 7124 3737 5719 114 
H3C 6381 3508 6168 114 
H1FA 1703 842 8817 112 
H1FB 1342 900 9495 112 
H1FC 2015 387 9361 112 
Experimental  
Single crystals of C65H55F24N15P4Ru2 1 were grown by slow diffusion of diethyl ether 
into a concentrated acetonitrile solution of 1(PF6)4. A suitable crystal was selected and [1] 
placed on an apex diffractometer. The crystal was kept at 100 K during data collection. 
Using Olex2 [1], the structure was solved with the olex2.solve [2] structure solution 
program using Charge Flipping and refined with the XL [3] refinement package using 
Least Squares minimisation. 
1. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. 
Puschmann, OLEX2: a complete structure solution, refinement and analysis 
program. J. Appl. Cryst. (2009). 42, 339-341. 
2. olex2.solve (L.J. Bourhis, O.V. Dolomanov, R.J. Gildea, J.A.K. Howard, H. 
Puschmann, in preparation, 2011) 
3. XL, G.M. Sheldrick, Acta Cryst. (2008). A64, 112-122 
Crystal structure determination of 1  
Crystal Data. C65H55F24N15P4Ru2, M =1828.26, monoclinic, a = 13.7041(3) Å, b = 
24.2162(5) Å, c = 21.1778(4) Å, β = 99.3520(10)°, V = 6934.7(2) Å3, T = 100, space 
group P21/n (no. 14), Z = 4, μ(CuKα) = 5.477, 43822 reflections measured, 12696 unique 
(Rint = 0.0448) which were used in all calculations. The final wR2 was 0.1366 (all data) 
and R1 was 0.0483 (>2sigma(I)).  
This report has been created with Olex2, compiled on Feb 7 2012 12:21:09. Please let us know if there are any errors or if you would like to 
have additional featrues. 
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APPENDIX G 
Low Overpotential Water Oxidation by a Surface-Bound Ruthenium-Chromophore-
Ruthenium–Catalyst Assembly 
 
 
Figure S1.  1H NMR spectrum of 1 in D2O showing the aromatic protons at 298 ± 3 K. 
 
 
Figure S2. Proton decoupled 31P NMR spectrum of 1 in D2O showing four singlets for the four 
different phosphorus nuclei in 1 at 298 ± 3 K. 
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Figure S3.  HPLC trace of intensity vs. time for 1 and a sample of pure [Ru(bpy)3]2+ under 
identical conditions showing only a small impurity of unreacted chromophore in crude 1. 
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APPENDIX H 
Multiple Charge Build-Up Leading to Water Oxidation in a Ruthenium-Chromophore-
Ruthenium-Catalyst Assembly Anchored to TiO2 
 
 
 
 
Figure S1.  Kinetic traces of 515 nm following 425 nm excitation at 3.2 mJ (blue curve) and 
following 532 nm excitation at 5.6 mJ (green curve) on a fully loaded TiO2 slide of 1 in 0.1 M 
HClO4 at 295 K followed for 10 µs showing identical growth and decay kinetics. 
 
 
Figure S2. Kinetic traces of 515 nm following 425 nm excitation at 0.5 mJ (green curve) and 
following 425 nm excitation at 5.5 mJ in 3 successive trials (blue, pink, and orange curves) on a 
fully loaded TiO2 slide of 1 in 0.1 M HClO4 at 295 K followed for 400 µs. 
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Figure S3.  Kinetic traces at 515 nm following 425 nm excitation at 3.3 mJ on a fully loaded 
TiO2 slide of pre-oxidized 1 (blue curve), a native slide of 1 (pink curve), and a 50% coverage 
slide of 1 (blue curve) in 0.1 M HClO4 at 295 K followed for 400 µs. 
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Figure S4.  The current response at the ring (blue), held at -0.030 V vs. NHE to detect oxygen, of 
a dual electrode cyclic voltammogram of 1 anchored to the derivatized nanoITO/TiO2 Ti-disc 
with a potential scan of the disc from 1.0 V to 1.62 V vs. NHE.  Electrocatalytic oxygen 
production does not occur until 1.3 V vs. NHE as indicated by the more negative current at the 
ring.  
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